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SECTION  I 


INTRODUCTION 

This  report  presents  the  results  of  the  second  phase  of  a design 
study  of  a graphite/epoxy  antenna-feed  truss  for  a hypothetical  Air  Force 
communications  satellite  in  geosynchronous  orbit. 

In  Phase  I of  the  study,  15  design  concepts  were  screened,  based 
on  structural  weight,  and  eight  of  these  concepts  were  sized  by  preliminary 
design  based  on  thermal  analysis,  static  stress  analysis,  and  buckling 
calculations  [1].  At  the  end  of  the  first  phase,  the  field  of  candidates 
had  been  narrowed  to  two  concepts.  In  the  second  phase  the  two  remaining 
concepts  have  been  screened  further  based  on  dynamic  analysis,  stress 
analysis  of  some  joint  details,  and  fatigue  calculations.  Also,  some  pre- 
liminary experiments  were  conducted  to  obtain  material  allowables  and  to  assess 
a design  development  test  article  simulating  a bonded  attachment-fitting  joint. 

As  a result  of  these  activities,  a final  concept  selection  has 
been  made  and  qualification  test  requirements  have  been  defined.  Fabrica- 
tion procedures  have  not  been  defined  completely  because  of  problems  encountered 
in  the  manufacture  of  graphite/epoxy  tubing.  However,  the  results  of  the  study 
should  be  found  useful  in  exposing  the  engineering  development  required  to 
achieve  acceptable  reliability  in  advanced-composite  structural  components  for 
communications  satellites  and  for  possible  future  Air  Force  space  applications 
involving  Large  Advanced  Space  Structures  (LASS). 

Using  composite  materials  in  space  structures  offers  potential 
benefits  of  weight  savings,  thermal  deformational  stability,  high  stiffness, 
and  low  radar  cross  section.  However,  the  value  of  a particular  benefit 
depends  heavily  upon  mission  requirements.  In  this  regard,  a LASS  concept 
for  space-based  radar  (SBR)  is  discussed  in  Section  VII  to  provide  a contrast 
to  the  communications  satellite  application.  The  different  mission  requirements 
associated  with  these  two  applications  will  be  seen  to  impact  design  trades 
and  test  requirements  in  different  ways. 
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The  body  of  the  report  summarizes  briefly  the  major  findings  of 
each  analytical  and  experimental  task,  and  integrates  the  findings  to 
present  an  overview.  The  detailed  results  have  been  relegated  to  appendices. 
Each  appendix  attempts  to  present  a self-contained  description  of  the 
motivation,  procedures  and  results  of  one  task.  However,  some  cross- 
referencing  between  appendices  has  been  unavoidable  because  of  the  inter- 
action between  tasks  during  the  study. 
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SECTION  II 


CANDIDATE  DESIGNS  AND  STRUCTURAL  REQUIREMENTS 
1.  BACKGROUND 

The  geosynchronous  communications  satellite  was  identified  in  1974 
as  a potential  Air  Force  space  application  which  might  benefit  from  advanced 
fiber  composite  materials.  Motivation  arose  from  the  successful  use  of  com- 
posites in  the  NASA  ATS-6  satellite,  which  currently  provides  a geosynchronous 
television  link.  Figure  1 illustrates  the  ATS-6  configuration:  an  electronics 
module  (EM)  and  a large  parabolic  antenna  separated  by  an  antenna-feed  truss. 
The  microwave  feed  is  supplied  by  an  array  of  small  dipole  antennas  located  on 
the  top  face  of  the  EM.  A projected  configuration  for  a similar  Air  Force 
satellite  is  shown  in  Figure  2.  Ongoing  design  work  for  such  satellites  is 
currently  being  pursued  by  the  MIT  Lincoln  Laboratory  [2]. 

The  ATS-6  flight  hardware  incorporated  a composite  feed  truss 
designed  and  fabricated  by  Hercules,  Inc.  [3],  A perspective  view  of  the 
ATS-6  truss  is  reproduced  in  in  Figure  3.  The  major  components  are  eight 
graphite/epoxy  longerons  of  circular  cross  section  and  eight  thin-walled 
aluminum  members  of  square  cross  section  forming  a stabilizer  ring.  The 
purpose  of  the  stabilizer  ring  is  to  raise  the  truss  buckling  load  by  sup- 
pressing the  ability  of  individual  longerons  to  buckle  in  the  first  mode. 

The  stabilizer  ring  members  are  attached  to  the  longerons  by  metal  friction- 
clamp  bands.  The  ends  of  the  longerons  are  bonded  to  titanium  fittings  to 
provide  hard  points  for  attachment  to  the  EM  and  the  antenna  housing. 

? ' l 

Since  the  projected  Air  Force  satellite  configuration  was  similar 
to  the  ATS-6,  the  ATS-6  feed  truss  was  adapted  as  a baseline  in  the  first 
phase  of  this  study  [1].  However,  the  larger  size  projected  for  the  Air 
Force  satellite'resulted  in  requirements  for  additional  stabilization  against 
buckling,  and  led  to  selection  of  two  alternate  concepts  for  more  detailed 
assessment.  These  candidate  designs  are  described  briefly  in  the  following 
two  sections  (2  and  3). 
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DEPLOYMENT 


Figure  1.  Schematic  of  ATS-6  Communication  Satellite 


DEPLOYMENT  SOLAR 


Figure  2.  Schematic  of  Projected  USAF  Communication  Satellite 


2.  ATS/3- RING  DESIGN 

The  ATS/3-Ring  concept  (Figure  4)  is  a modification  of  the  ATS-6 
design.  The  number  of  stabilizer  rings  has  been  increased  to  three  to 
suppress  the  second  and  third  longeron  buckling  modes.  The  longerons  and 
rings  are  designed  as  high-modulus  graphite/ epoxy  cylindrical  tubes.  Metal 
fittings  similar  to  the  ATS-6  are  planned  for  the  end-attachments.  However, 
the  stabilizer  ring  joints  are  to  be  fabricated  by  secondary  bonding  of 
graphite/epoxy  parts  wrapped  over  by  additional  90°  graphite/epoxy  or  glass/ 
epoxy  plies  (see  detail  B in  Figure  4). 

The  material  properties  for  high-modulus  graphite/epoxy  are 
summarized  in  Table  1.  Generic  values  have  been  used  for  design  purposes. 

In  particular,  the  strength  and  modulus  data  were  obtained  from  the  Advanced 
Composites  Design  Guide  [4].  Table  2 summarizes  the  approximate  values  of 
some  of  the  key  parameters  established  in  the  first  phase  of  the  study. 


TABLE  1 

GRAPHITE/EPOXY  PLY  PROPERTIES 


VALUE 

S FOR 

Item 

High-Modulus  Gr/E 

High-Strength  Gr/E 

Modulus  parallel  to  fibers,  E^  ( psi ) 

25  x 106 

21  x 106 

Shear  Modulus,  G^y  (psi) 

0.80  x 106 

0.65  x 106 

Tensile  strength  parallel  to  fibers, 

F (ksi) 

100 

180 

Allowable  tensile  stress,  F^  (ksi) 

60 

108 

Thermal  expansion  coefficients: 
parallel  to  fibers,  a.  (°C"1) 

0.38  x io;6 

0.38  x 10"6 

transverse  to  fibers, aT  (°C-1) 

28.8  x 10'b 

28.8  x 10-6 

Thermal  conductivity,  K(Wcm"2  °C"1) 

1.04 

1.04 

Infrared  emissivity,  e 

0.85 

0.85 

Heat  capacity,  Cp  (Btu  lb~*  °F-1) 

0.193 

0.193 

Weight  density,  p (lb  in''*) 

0.056 

0.056 

A 
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TABLE  2 
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ATS/3-RING  KEY  DESIGN  PARAMETERS 


Item 

Value 

Longerons  (8): 

Total  length  (in) 

264 

Unsupported  length  (in) 

66 

Approximate  I.D.  (in) 

2.60 

Approximate  O.D.  (in) 

2.80 

Layups  considered  in  design: 

Primary 

[90°/0°6/90°] 

Alternate 

[90°/0°g/90°] 

Alternate* 

[±73.25J50s)/0;8/*74.45?50i)] 

Stabilizer  Rings  (3): 

Approximate  I.D.  (in) 

0.88  i 

Approximate  O.D.  (in) 

1.00 

Layups  considered  in  design: 

Primary 

[90°/0°0/90°] 

Alternate* 

[164.8|7W)/o;2/T68|7K)] 

Assembled  Truss** 

Approximate  weights  (lb): 

Minimum 

100 

Maximum 

159 

Longeron  buckling  margin,  P /P  _ 

0.3 

Estimated  maximum  stress  (ksi) 

60.9 

Estimated  first-bending  frequency 

(Hz) 

6.8 

* Notation  ( %)  represents  percent  overlap  in  angle-wrapping  of  § 

prepreg  pnes. 

**  Results  based  on  static  analysis  and  scaling  of  ATS-6  static  test  f 

loads. 



3. 


TRIPOD-B  DESIGN 


The  Tripod-B  concept  (Figure  5)  was  selected  as  an  alternate 
design  with  fewer  components,  and  also  because  of  the  possibility  of  some 
weight  savings.  Three  stabilizer  rings  are  used,  as  in  ATS/3-Ring,  to 
suppress  the  first  three  longeron  buckling  modes.  Tripod-B  incorporates  a 
third  set  of  major  components--the  antenna  supports,  which  are  required  to 
provide  attachment  points  at  the  I.D.  of  the  antenna  housing.  The  material 
and  joint  details  of  ATS/3-Ring  and  Tripod-B  are  similar,  except  that  the 
Tripod-B  longerons  are  designed  with  high-strength  graphite/epoxy  (see 
Table  1),  and  that  a complex  joint  fitting  is  required  at  the  apex.  Some 
key  parameters  established  for  Tripod-B  in  the  first  phase  of  the  study  are 
summarized  in  Table  3. 
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TABLE  3 


TRIPOD-B  KEY  DESIGN  PARAMETERS 


Item 

Value 

Longerons  (3): 

Total  Length  (in) 

268 

Unsupported  length  (in) 

66 

Approximate  I.D.  (in) 

3.40  ' 

Approximate  O.D.  (in) 

! 3.60 

Layups  considered  in  design: 

Primary 

[90°/0|6/90°] 

Alternate 

[90°/0fg/90°] 

Alternate* 

Stabilizer  Rings  (3): 

Approximate  I.D.  (in) 

1.33 

Approximate  O.D.  (in) 

1.40 

Layups  considered  in  design: 

Primary 

[90°/0^0/90°] 

Alternate* 

^55'6(5(K)'07't57-5(5(W)] 

Antenna  Support  Legs  (6): 
Approximate  length  (in) 

66 

Approximate  I.D.  (in) 

2.60 

Approximate  O.D.  (in) 

2.80 

Layups  considered  in  design: 

Primary 

[90°/0°6/90°] 

Alternate 

[90°/0°g/90°]  ! 

Alternate* 

ti73,25(50%)/018/+74-45(50%)^ 

Assembled  Truss** 

Approximate  weights  (lb): 

Minimum 

70 

Maximum 

108 

Longeron  buckling  margin,  Pm3</Pcr 
Estimated  maximum  stress  (ksi* 

0.3 

77.3  j 

Estimated  first-bending  frequency 
(Hz) 

10.7 

* Notation  ( %)  represents  percent  overlap  in  angle-wrapping  of 

prepreg  plies.  j 

**  Results  based  on  static  analysis  and  scaling  of  ATS-6  static  test 

| loads 

1 
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4. 


STRUCTURAL  REQUIREMENTS 


Survival  of  launch  loads  and  thermal  deformational  stability  are 
the  two  primary  structural  requirements  which  the  antenna-feed  truss  must 
meet.  A third  and  equally  important  requirement  is  that  the  truss  must  be 
able  to  withstand  the  effects  of  fatigue. 

In  the  first  phase  of  the  study  the  effects  of  launch  loading  were 
considered  only  from  a static  analysis  viewpoint.  The  ATS-6  antenna  and 
supporting  hardware  weights  were  re-estimated  for  the  projected  Air  Force 
satellite,  and  the  resulting  weight  ratio  was  used  to  scale  up  the  ATS-6 
static  qualification  test  loads  [ 3 ] to  provide  design  loads.  Static  stress 
and  buckling  calculations  were  then  performed  for  the  candidate  designs. 

Each  design  was  required  to  have  component  cross  sections  which  would  meet 
an  arbitrarily  chosen  criterion  for  buckling  margin: 


P /P  < 
max'  cr  — 


0.3 


(1) 


where  Pm,v  is  the  maximum  axial  load  caused  in  the  component  by  application 
max 

of  the  design  loads  and  Pcr  is  the  Euler  buckling  load  corresponding  to  the 
unsupported  length  of  the  component. 

In  the  present  phase,  launch  loads  are  reconsidered  from  a 
dynamic  analysis  viewpoint.  The  launch  environment  is  represented  by 
three-axis  uncorrelated  random  loading,  assumed  to  be  stationary  and 
Gaussian  with  zero  mean.  A power  spectrum  for  the  loading  was  adopted  from 
NASA  specifications  for  a Titan-IIIC  launch  of  the  Mariner-Jupiter-Saturn 
spacecraft  [5  ],  a payload  of  weight  similar  to  the  1,500  lb.  weight  pro- 
jected for  the  Air  Force  communications  satellite.  Analyses  of  the 
responses  of  the  feed-truss  designs  to  the  random  loading  are  required  to 
establish  component  loads/stress  exceedance  curves.  Design  static  loads 
can  then  be  established  from  first-passage  statistics  [6],  and  fatigue 
damage  acucmulation  can  be  estimated  based  on  a generalization  of  Miner's 
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rule  [7].  The  general  requirements  which  the  candidate  designs  must  meet 
are: 

1)  Adequate  buckling  margins  with  Pm,v  in  Eq.  (1) 

ilia  X 

replaced  by  the  corresponding  first-passage 
load. 

2)  Calculated  damage  summation  E(n/N)  « 1 at  joint 
details,  with  stress  concentration  factors 
accounted  for. 

Thermal  deformational  stability  is  a critical  design  requirement 
because  deflections  of  the  feed  truss  due  to  temperature  changes  tend  to 
defocus  the  parabolic  reflector  antenna  with  respect  to  the  microwave 
dipoles  on  the  electronics  module.  The  allowable  focus  errors  projected 
for  the  Air  Force  satellite  are  illustrated  in  Figure  6.  These  require- 
ments were  found  to  be  met  by  the  ATS/3-Ring  and  Tripod-B  designs  in  the 
first  phase  of  the  study. 

The  potential  fatigue  effects  of  temperature  changes  must  also 
be  considered.  Thermal  fatigue  tends  to  be  concentrated  at  attachment- 
fitting joints,  where  temperature  excursions  may  cause  high  stresses  due 
to  the  mismatch  of  thermal  expansion  coefficients  in  composite  tubes  and 
metal  fittings.  Some  thermal  fatigue  may  also  occur  in  the  composite 
tubing  per  se  due  to  the  mismatch  in  expansion  coefficients  of  the  fibers 
and  resin. 

It  is  of  interest  in  this  regard  to  consider  what  the  most  severe 
temperature  excursion  might  be.  A satellite  at  geosynchronous  altitude  is 
normally  in  direct  sunlight,  and  should  establish  equilibrium  temperature 
in  the  range  280°K  to  370°K.  However,  the  satellite  will  pass  through 
earth  shadow  once  per  day  on  about  90  days  per  year  in  the  spring  and  fall, 
remaining  in  shadow  for  periods  of  up  to  90  minutes.  The  temperature 
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DEFORMED 


excursion  for  earth-shadow  passage  can  then  be  estimated  by  solving  the 
radiative  cooling  equation  for  a point  mass: 


TC0LD 


[ 


,1/3 

3creAAt  J 


(2) 


where  Cp  is  the  heat  capacity  of  the  mass;  A its  surface  area;  e its 
emissivity;  a is  the  Stefan-Boltzmann  constant,  and  At  is  the  period  spent 
in  shadow.  If  the  properties  of  a graphite/epoxy  longeron  from  either 
the  ATS/3-Ring  or  the  Tripod-B  design  are  substituted  in  Eq.  (2),  a cold 
temperature  of  167°K  results.  Hence,  some  90  thermal  cycles  in  the  range 
113  £ - AT  < 203°K  can  occur  per  year.  In  the  present  study,  a more  severe 
thermal  cycle  -AT  = 218°K  between  room  temperature  (295°K)  and  liquid 
nitrogen  temperature(77°K)  was  adopted  for  experimental  purposes. 

It  will  be  shown  subsequently  that,  although  the  launch  environ- 
ment drives  the  design  through  static  margin  considerations,  the  possession 
of  adequate  static  margins  tends  to  imply  that  fatigue  damage  accumulation 
during  launch  will  be  insignificant.  (The  latter  conclusion  must,  of 
course,  be  verified  by  calculations  at  joints.)  However,  the  damage 
effects  of  thermal  fatigue  can  be  significant  over  the  life  of  a geosyn- 
chronous satellite,  which  may  be  expected  to  remain  operational  for  10  to 
20  years  and  may  therefore  experience  900  to  1,800  extreme  temperature 
excursions. 
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SECTION  III 


MATERIAL  PROPERTIES  AND  DESIGN  DEVELOPMENT  TESTS 
1.  TEST  OBJECTIVES 

The  experimental  objectives  were  to  obtain  some  information  about 
material  properties  and  to  make  an  initial  assessment  of  the  fatigue  effects 
of  thermal  cycles.  With  regard  to  material  properties,  the  primary  concern 
is  to  establish  design  allowables  for  interlaminar  stresses.  Objectives  for 
this  purpose  were  investigation  of  the  angle-ply  delamination  coupon  as  a 
means  of  measuring  interlaminar  tensile  strength,  trend  assessment  of 
different  stacking  sequences  using  short  beam  shear  tests,  and  a preliminary 
assessment  of  resistance  to  thermal  fatigue. 

The  stacking  sequence  investigation  was  aimed  at  assessing  the 
potential  degradation  of  interlaminar  strength  associated  with  placement  of 
flexible  inserts  in  a graphite/epoxy  laminate.  The  insert  concept  has  been 
proposed  previously  by  Lackman  and  Pagano  [8]  for  reducing  interlaminar 
stresses  at  the  edges  of  flat  laminates  by  removing  graphite/epoxy  in  a 
sawtooth  pattern  and  backfilling  with  resin.  For  a cylindrical  tube,  such 
stress  reduction  might  be  wanted  over  several  inches  near  the  end  to  reduce 
concentrations  of  interlaminar  stress  associated  with  transfer  of  load  to 
attachment  fittings.  Also,  if  the  insert  is  continued  through  the  entire 
tube,  it  may  improve  the  local  crippling  strength  (which  increases  with 
increasing  separation  between  circumferential  plies).  The  contemplated 
modification  is  to  replace  [90°/0^/90°]  tubular  laminates  with  [90°/Insert/ 
0^/Insert/90°]  laminates  to  achieve  both  goals.  However,  benefits  in  stress 
reduction  and/or  crippling  strength  improvement  may  be  offset  by  degradation 
of  interlaminar  shear  strength. 

Two  objectives  were  identified  with  regard  to  the  effects  of 
thermal  fatigue:  assessment  of  accelerated  testing  and  assessment  of 
bonded-joint  strength  degradation.  It  has  already  been  mentioned  that  the 
radiative  cooling  process  to  which  the  antenna-feed  truss  is  subjected  in 

t earth  shadow  is  quite  time-consuming,  i.e.,  the  entire  90-minute  shadow 

period  may  be  required  to  reach  minimum  temperature.  Obviously,  it  would 

i 
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be  desirable  to  accelerate  the  cooling  process  in  a ground  test  by 
immersing  the  test  specimen  in  a cryogenic  liquid.  However,  extremely 
rapid  cooling  of  the  surfaces  of  an  immersed  specimen  will  cause  severe 
temperature  gradients  through  the  specimen  thickness.  The  thermal -shock 
stresses  associated  with  such  gradients  may  be  sufficiently  large  to 
cause  fatigue  damage  which  would  not  be  expected  in  the  operational 
structure.  Although  some  analysis  of  the  thermal -shock  problem  indicated 
that  the  fatigue  effects  would  not  be  significant  (see  Section  IV), it  was 
decided  to  conduct  some  experiments  to  obtain  additional  verification. 

The  problem  of  joint  strength  degradation  is  associated  with 
large  excursions  to  uniform  cold  temperature.  In  such  situations,  large 
interlaminar  stresses  can  be  developed  in  the  bond  due  to  the  difference 
between  the  thermal  expansion  coefficients  of  the  metal  attachment  fitting 
and  the  composite  tube.  Since  some  900  to  1,800  severe  thermal  cycles  are 
expected  over  the  10  to  20  year  operational  life  of  a geosynchronous 
satellite,  assessment  of  the  residual  strength  degradation  of  such  joints 
is  important. 

2.  STATIC  TESTS  FOR  MATERIAL  PROPERTIES 

Measurement  of  interlaminar  strength  in  composite  laminates  is 
still  an  unsolved  problem.  The  difficulty  associated  with  such  measure- 
ments arises  from  the  lack  of  a test  specimen  configuration  which  provides 
a uniform  interlaminar  stress  field  and  is  also  insensitive  to  tolerance 
variations.  The  ASTM  D2733  notched  tension  coupon  [g]  and  02344  short 
beam  shear  test  [10]  are  used  frequently  to  obtain  interlaminar  shear 
strength  data.  However,  the  results  obtained  from  the  D2733  coupon  tend  to 
be  highly  sensitive  to  small  variations  in  the  notch  depth.  Statistically 
tighter  observations  can  be  obtained  from  the  D2344  short  beam  shear  test, 
but  the  data  reduction  method  is  based  on  a simplified  engineering  analysis 
and  hence,  does  not  give  a true  material  property.  Thus,  while  short  beam 
shear  tests  are  useful  for  establishing  trends,  the  resulting  strength  data 
can  not  be  used  with  confidence  to  predict,  e.g.,  the  onset  of  interlaminar 
failure  at  a point  of  stress  concentration  computed  by  finite-element 
analysis  of  a design  detail. 
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Therefore,  an  investigation  was  made  of  the  delamination  coupon 
proposed  by  Pagano  and  Pipes  [11]  as  a possible  means  of  accurately 
measuring  interlaminar  tensile  strength.  The  general  configuration  of  the 
delamination  coupon  proposed  by  Pagano  and  Pipes  is  [(±.e)M/90^]^, , where 
the  ratio  M/N  is  optimized  to  maximize  the  interlaminar  tension  field  at 
the  free  edges.  However,  the  stress-field  analysis  is  based  on  an 
empirical  model  of  an  accurate  finite-difference  solution  for  [0°/90°]^ 
and  [90°/0°]<.  laminates. 

In  the  present  study,  Hercules  AS/3501-6  graphite/ epoxy  laminates 
were  fabricated  in  the  sequence  C(+26°)2/90°]^  and  the  atlernate  sequence 
[+26°/-262/+26°/90°]s.  The  latter  sequence  was  included  in  the  investi- 
gation to  assess  the  effect  of  reducing  the  anticlastic  corner  peaks  which 
additional  analysis  had  indicated  should  be  present  in  the  Pagano-Pipes 
coupon  design.  The  delamination  load  measurements  did  indicate  a reduction 
of  these  peaks  by  the  alternate  sequence.  However,  observations  of  the 
failure  mode  and  comparison  with  failure  predictions  based  on  empirical 
stress-field  models  showed  that  the  failures  are  caused  by  combined  inter- 
laminar shear  and  tension,  and  that  a true  material  property  could  not  be 
obtained  without  more  accurate  stress-field  analysis.  Hence,  the  problem 
of  measuring  true  interlaminar  strength  by  means  of  a simple  test  specimen 
remains  unsolved.  The  details  of  these  experiments  and  associated  analyses 
are  reported  in  Appendix  A. 

Trend  data  for  interlaminar  shear  strength  were  measured  by  the 
ASTM  D2344  short  beam  shear  method.  This  series  of  experiments  was  used  to 
assess  strength  degradation  caused  by  flexible  inserts,  such  as  might  be 
placed  throughout  a tubular  component  to  reduce  interlaminar  stress  con- 
centration and  to  improve  crippling  strength.  Laminates  of  [02g]  and 
[0^2/Ml/0°/Ml/0°/Ml/0|2]  were  investigated,  where  Ml  represents  a 0.001-in. 
thick  perforated  Mylar  insert.  Mylar  was  chosen  as  the  insert  material  to 
maintain  control  of  the  interply  thickness  during  cure.  (The  alternate 
choice,  insertion  of  extra  B-staged  resin,  was  rejected  because  bleeding 
during  cure  would  prevent  such  control.)  The  perforations  were  made  to  allow 
proper  bleeding  from  the  plies  which  were  sandwiched  between  the  Mylar  inserts. 
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Static  strength  tests  of  the  [0|g]  laminate  indicated  interlaminar 
shear  strengths  of  about  26  ksi  at  liquid  nitrogen  temperature  (-321°F)  and 
17  ksi  at  75°  F.  Extrapolation  of  these  data  indicate  a static  strength  of 
about  14  ksi  at  212°  F.  Tests  of  the  laminate  with  inserts  indicated 
interlaminar  shear  strengths  of  about  9 ksi  at  -321°  F,  10  ksi  at  75°  F,  and 
11  ksi  at  212°  F.  The  reversal  in  trend  with  temperature  could  not  be 
explained  on  physical  grounds.  The  data  quoted  here  refer  to  initial 
failures,  which  were  observed  to  occur  at  the  Mylar/resin  interface  near 
the  specimen  midplane,  and  which  must  be  taken  as  the  material  allowable 
for  design  purposes.  Based  on  these  data,  the  conclusion  is  drawn  that  the 
strength  penalties  associated  with  Mylar  inserts  far  outweigh  the  possible 
incremental  benefits  which  might  be  obtained  in  stress-field  reduction 
and/or  crippling  strength  improvement.  The  details  of  these  experiments 
are  reported  in  Appendix  B. 

3.  RESIDUAL  STRENGTH  TESTS 

Additional  series  of  [O^g]  and  [O^/Ml/O'VMl/O'VMl/O^]  short 
beam  shear  specimens  were  subjected  to  thermal  cycles  followed  by  residual 
strength  tests  at  75°  F.  An  accelerated  thermal  cycle  between  212°  F and 
-321°  F was  applied  10,  50,  100,  500  and  1,000  times  to  different  groups  of 
specimens  to  assess  the  sensitivity  of  the  material  to  thermal -shock  fatigue. 
The  test  results  indicated  that  the  [O^g]  laminate  experienced  no  strength 
degradation,  while  the  laminate  with  inserts  experienced  about  20  percent 
degradation  after  500  to  1,000  cycles.  The  latter  effect  is  attributed 
tentatively  to  the  effect  of  the  thermal  expansion  coefficient  differential 
between  Mylar  and  graphite/epoxy  at  a uniform  cold-soak  temperature,  rather 
than  to  thermal  shock.  The  experimental  data  thus  provide  another  reason 
against  using  Mylar  inserts  in  composite  components  of  space  structures, 
but  the  data  also  establish  confidence  in  the  concept  of  accelerated 
testing  for  assessment  of  thermal  fatigue.  The  details  of  these  experi- 
ments are  reported  in  Appendix  B. 


•--T-l,  . - V. 


23 


In  another  series  of  experiments,  a limited  number  of  design 
development  test  (DDT)  specimens  consisting  of  5-inch  lengths  of  1.3-inch 
I.D.  [90°/0^q/90°]  AS/3501-6  graphite/epoxy  tubing  bonded  to  interior 
steel  sleeves  simulating  an  end-attachment  fitting  were  processed  through 
up  to  1,000  thermal  cycles  between  60°  +6°  F and  -321°  F.  Analysis  with  a 
simplified  model  indicated  that  the  DDT  specimens  possess  about  the  same 
ratio  of  cold-soak  thermal  stress  to  launch-vibration  stress  as  the  ATS/3- 
Ring  and  Tripod-B  longeron  attachment  joints.  After  thermal  cycling,  the 
DDT  joints  were  tested  for  residual  strength,  and  in  some  cases  a 2-inch 
length  was  cut  from  the  free  end  of  the  composite  tube  and  tested  for 
crippling  strength. 

The  small  amount  of  joint  strength  data  and  the  scatter  in  the 
results  prevented  the  drawing  of  detailed  conclusions.  However,  by  pooling 
the  data  in  two  groups  (zero  to  100  cycles,  and  500  or  more  cycles),  it 
was  possible  to  infer  a strength  degradation  of  at  least  9 percent  for  long- 
term exposure  to  thermal  cycles.  Thus,  although  a measurable  thermal 
fatigue  effect  was  demonstrated,  the  experiments  also  showed  t'iat  it  is 
possible  to  design  end  attachments  for  maintenance  of  long-term  reliability 
for  structures,  such  as  the  antenna-feed  truss,  in  which  the  orbital  loads 
are  quite  low. 

The  tube  strength  data  exhibited  greater  scatter,  and  the 
observed  failure  modes  were  not  consistent  with  a crippling  instability. 

Most  of  the  test  specimens  failed  by  brooming  at  the  end  where  the  specimen 
had  been  cut  free  from  the  joint.  These  failures  were  attributed  to  poorly 
controlled  processing  (cutting  with  a hacksaw  and  finishing  on  an  aluminum- 
oxide-grit  sanding  wheel).  The  remaining  specimens  failed  by  bursting  at 
about  1/4  of  the  predicted  crippling  strength.  These  results  were  attri- 
buted to  resin  failures  at  butt  seams  in  the  90°  plies  by  correlating  with 
a prediction  made  from  a simplified  stress-analysis  model.  In  view  of  the 
deficiencies  in  fabrication  and  testing  procedures,  no  conclusions  could  be 
drawn  with  regard  to  the  effects  of  thermal  fatigue  on  AS/3501-6  material 
in  tubular  configuration.  Details  of  the  design  development  tests  and 
supporting  analyses  are  reported  in  Appendix  C. 
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SECTION  IV 


ANALYSES  OF  CANDIDATE  DESIGN  CONCEPTS 

1.  ANALYSIS  OBJECTIVES 

Assessment  of  the  dynamic  performance  of  the  ATS/3-Ring  and  Tripod- 
B designs,  and  calculation  of  stress  concentrations  at  typical  joint  details 
were  the  general  analysis  objectives  for  this  phase  of  the  study.  With 
regard  to  dynamic  performance,  the  specific  objectives  were  to  compute 
natural  vibration  frequencies  up  to  at  least  100  Hz  and  to  compute  structural 
response  (displacements  and  component  internal  loads)  to  vibratory  loading 
representing  Titan-IIIC  launch  conditions. 

Joint  stress  analysis  was  subdivided  into  two  specific  objectives: 
the  effects  of  axisymmetric  and  torsional  loads  and  of  temperature  changes 
on  the  stresses  at  end-attachment  joints,  and  stress  concentration  due  to 
general  loading  conditions  at  the  joints  between  longerons  and  stabilizer 
rings.  Also,  a third  objective  was  to  combine  the  dynamic  analysis  and 
joint  stress  analysis  to  assess  potential  fatigue  damage  accumulation  during 
launch. 

2.  DYNAMIC  PERFORMANCE 

Modal  analyses  of  the  ATS/3-Ring  and  Tripod-B  designs  were  con- 
ducted using  finite-element  models  consisting  of  assumed-displacement 
generalized  bending-stretching-torsion  elements,  and  using  the  subspace 
iteration  method  [12,13].  The  ATS/3-Ring  design  was  found  to  have  35  modes 
up  to  about  100  Hz,  while  Tripod-B  was  found  to  have  16  modes  in  the  same 
range.  Altogether,  60  modes  up  to  278  Hz  for  ATS/3-Ring  and  40  modes  up  to 
464  Hz  for  Tripod-B  were  computed.  Results  for  the  first  few  modes  are 
summarized  in  Table  4.  It  is  of  interest  to  note  that  the  static 
estimates  for  the  first-bending  frequency  were  reasonably  accurate  in  both 
cases  (compare  with  Tables  2 and  3).  However,  these  estimates  missed 
the  lower- frequency  first- torsion  mode  of  Tripod-B. 
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TABLE  4 

COMPARISON  OF  NATURAL  FREQUENCIES* 


Mode 

D E 

S I G 

N 

ATS/3-Ring 

Tripod-B 

f (Hz) 

Mode  Type 

f (Hz) 

Mode  Type 

1 

6.99 

First  bending 

2.67 

First  torsion 

2 

7.00 

First  bending 

9,05 

First  bending 

3 

9.93 

First  torsion 

9.05 

First  bending 

4 

14.62 

First  ovalizing 

10.63 

First  top-rocking 

5 

15.44 

Second  ovalizing 

10.67 

First  top-rocking 

6 

15.45 

Second  ovalizing 

33.38 

Second  bending 

7 

16.45 

Third  ovalizing 

33.68 

Second  torsion 

Converged  to  +10%. 

For  the  purpose  of  calculating  response  to  launch  loads,  the 
finite-element  models  were  assumed  to  be  subjected  to  base-acceleration 
inputs  adapted  from  a NASA  specification  for  the  Titan-IIIC  launch  of  the 
Mariner-Jupiter-Saturn  spacecraft  [5].  The  specified  power  spectrum 
(Figure  7)  was  prepared  for  payloads  in  the  range  of  1,600  to  1,800  lb., 
i.e.,  close  to  the  projected  1,500-lb.  weight  of  the  Air  Force  satellite. 
Only  the  low-frequency  portion  of  the  spectrum  (up  to  200  Hz)  was  used  in 
the  calculations,  since  it  was  assumed  that  inputs  at  higher  frequencies 
would  be  attenuated  by  the  electronics  module. 

The  random  process  associated  with  the  power  spectrum  shown  in 
Figure  7 was  assumed  to  be  zero-mean  Gaussian  and  to  be  applied  as  un- 
correlated translational  inputs  along  three  orthogonal  axes,  as  is  the 
usual  practice  in  spacecraft  design  verification  analysis.  In  addition, 
although  the  power  spectrum  level  is  undoubtedly  time-dependent,  the  ra  dom 
process  was  assumed  for  the  purpose  of  analysis  to  be  stationary  over  the 
Titan-IIIC  first-stage  boost  phase,  a total  time  of  about  120  sec  [14]. 


26 


0.2 


0.1 


O 

(N 


X 

H 

Ui 

2 

W 

Q 


N 

SC 


E-t 

U 

W 

Cn 

cn 


2 

o 


$ 


w 

w 

u 

u 

< 


CP 


0.01 


0.002 


20 


6 dB/Oct 


1000 


\ 


\ 


500 


\ 


0.025  \ 


12 


•\ 


dB/Oct  ' 


\ 


BUS  S.  PM  ASSEMBLIES  \ 

AND  SYSTEM  (OVERALL  8.3  g )\ 


OTHER  ASSEMBLIES 


\ 


(OVERALL  11.1  gRMS) 


ROLLOFF  24  dB/Oct  OR  GREATER  ABOVE 
2000  Hz  AND  BELOW  25  Hz 


-L 


1 


X 


100  200  500  1000 

FREQUENCY,  f (Hz) 


3000 


I 


Figure  7.  MJS77  Design  Input  Power  Spectrum 

Structural  response  calculations  were  performed  by  the  modal 
superposition  method,  using  assumed  damping  factors  for  each  of  the  natural 
modes  computed  in  the  subspace  iteration  analysis.  The  assumed  damping 
factors  varied  from  0.02  for  frequencies  below  10  Hz  to  0.2  for  frequencies 
above  110  Hz. 
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Under  the  foregoing  assumptions  the  response  of  any  quantity  of 
interest  C(t),  i.e.,  a displacement  or  an  internal  load,  will  be  zero-mean 
stationary  and  Gaussian  with  finite  parameters.  The  response  can  then  be 
characterized  by  a Gaussian  exceedance  curve  with  parameters  obtained  from 
its  power  spectrum  G^(f)  [15]: 


E(5) 


1/2 


(3) 


°\  = /°°G^(f)df  (4) 

V ■ sf  t/“  f2G£5(f)df]'/2  (5) 

If  £(t)  is  an  internal  load,  then  both  static  strength  requirements  and 
fatigue  damage  accumulation  can  be  assessed  from  the  exceedance  curve. 

Design  static  ultimate  loads  can  be  defined  from  first-passage  statistics, 
e.g.,  by  solving  E(£)  = 1/120  sec"^  in  the  present  case  to  obtain  £pp>  the 
expected  once-per-launch  load  for  a Tital-IIIC  boost.  First-passage 
statistics  for  compression  loads  are  summarized  in  Table  5,  together  with 
corresponding  buckling  margins.  The  margins  appear  to  be  adequate  (although 
higher  than  the  design  goal  P/P^  * 0.3,  margin  = 0.7  used  in  the  first 
phase  of  the  study),  except  for  the  Tripod-B  antenna-support  legs.  Redesign 
of  the  latter  components  to  equalize  the  launch-survival  reliabilities 
would  add  about  22  lbs.  to  the  weight  of  Tripod-B. 

Additional  details  of  the  formulation  for  the  dynamic  calculations 
and  the  results  obtained  are  reported  in  Appendix  D.  The  computer  codes  used 
for  subspace  iteration  analysis  and  response  calculation  are  documented  in 
Appendices  E and  F,  respectively. 
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TABLE  5 


FIRST-PASSAGE  STATISTICS  FOR  COMPRESSION  LOADS 


Location 

First  Passage 
Load,  PFp  (KIPS) 

Buckling  Load 
PCR  (KIPS) 

PFP/PCR 

Emm 

Longeron 

15.95 

29.00 

0.55 

Third  stabilizer 

0.30 

2.44 

0.12 

Tripod-B: 

■ 

Longeron 

29.31 

61.50 

Third  stabilizer 

6.44 

12.68 

Antenna  support 

16.70 

22.20 

H 1 

3.  JOINT  STRESS  ANALYSIS 

A mesh-generation  scheme  using  multilayer  bending-stretching  plate 
finite  elements  [16]  was  developed  to  model  in  detail  a short  section  of  a 
longeron  tube  with  short  sections  of  adjacent  stabilizer-ring  tubes  attached, 
as  shown  in  Figure  8.  The  material  properties  and  number  of  layers  can  be 
varied  in  the  attachment  region  to  simulate  the  presence  of  the  secondarily 
bonded  composite  parts  which  make  up  the  joint.  This  rather  complicated 
code  has  been  debugged,  but  there  was  no  opportunity  to  run  a convergence 
study  on  the  calculations  during  the  present  phase  of  the  investigation. 

Such  a convergence  study  is  mandatory  to  provide  confidence  in  the  stresses 
computed  by  this  type  of  finite-element  model,  which  represents  cylindrical 
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shells  approximately  by  a series  of  flat  facets.  Therefore,  no  attempt 
has  been  made  to  draw  any  conclusions  about  stress  concentration  in  the 
longeron/stabilizer  joints.  These  joints  are  not  considered  to  be  as 
critical  as  the  end-attachment  joints,  which  involve  composite/metal  bonds 
and  are  located  in  more  highly  loaded  areas.  However,  since  the  stress- 
analysis  code  may  be  useful  in  future  investigations,  it  is  documented  in 
Appendix  G. 


Figure  8.  Structure  Modeled  by  Tee-Joint  Program 


A second  mesh-generating  scheme  using  an  axi symmetric  solid 
finite-element  modified  for  inclusion  of  torsional  behavior  was  developed 
to  model  simple  end-attachment  joints  consisting  of  untapered  metal  fittings 
bonded  to  multilayer  composite  tubes.  A hypothetical  case  approximating  the 
dimensions  of  the  design  development  test  article  (Section  3.3)  was  analyzed 
under  several  loading  conditions  to  assess  the  relative  effects  of  mechanical 
loading  and  temperature  changes  on  the  stress  fields.  The  dimensions  of  the 
analytical  case  are  shown  in  Figure  9. 


Figure  9.  Joint  Dimensions  for  Stress  Analysis 
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A summary  of  results  for  various  load  cases  is  given  in  Table 
6.  The  axial  load  of  10  ksi  nominal  stress  in  the  tube  remote  from  the 
attachment  is  roughly  equivalent  to  first-passage  load  on  the  ATS/3-Ring 
and  Tripod-B  longerons.  (The  equivalence  estimate  was  made  by  assuming 
that  the  DDT  article  would  have  been  designed  to  a joint  strength  about 
twice  its  first-passage  load.  See  Appendix  C,  Section  C-6.)  The  remote 
torsional  load  of  1.45  KIP-in.  is  higher  than  actual  computed  longeron 
loadings  obtained  in  static  analyses  in  the  first  phase  of  the  study  [1]. 
The  uniform  temperature  change  AT  = -217.6°C  represents  an  earth-shadow- 
thermal  excursion  simulation  (room  temperature  to  liquid  nitrogen  tempera- 
ture) . 

TABLE  6 

BONDLINE  STRESS  SURVEY 


Axial  Load 


Stress* 


Interlaminar 
Shear  Peak, 

Interlaminar 
Shear  Peak, 

Interlaminar 
Compression 
Peak,  a 


♦Stresses  in  units  of  ksi. 


Torque 


(10  ksi  remote)  I (1.45  KIP-in) 


CoTd  Soak 
(AT  =-217. 6°C) 


These  data  indicate  that  the  effects  of  thermal  fatigue  on  joint 
strength  are  likely  to  be  much  more  significant  than  the  effects  of  launch 
loads.  Such  a conclusion  is  warranted  by  the  fact  that  the  stresses  due  to 
axial  load  are  expected  to  occur  once  per  launch  (i.e.,  once  per  life), 
while  900  to  1,800  thermal  cycles  can  be  expected  over  the  life  of  the 
satel 1 ite. 
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Table  7 summarizes  some  additional  data  from  the  axial  load 
case.  These  data  indicate  that  the  stress  concentration  factors  (SCF) 
associated  with  peak  axial  stresses  in  the  composite  tube  at  the  joint 
entrance  are  reasonably  low.  Somewhat  higher  nominal  SCF  have  been 
assumed  for  the  purpose  of  making  fatigue  calculations  due  to  launch 
loading. 

TABLE  7 

GRAPHITE/EPOXY  TUBE  AXIAL  STRESS  SURVEY 


PLY  L 

0 C A T I 0 N 

Axial  Location 

Outermost 

0°  Ply 

Outermost 

90°  Ply 

Nominal 

Remote  stress  (ksi) 

12.25 

1.00 

10.0 

Entrance  Peak 

Stress  (ksi) 

18.0 

3.20 

15.0 

SCF 

1.47 

3.20 

1 .50 

One  additional  set  of  analysis  cases  was  run  to  assess  the  effects 
of  temperature  gradients  through  the  joint  wall  due  to  various  rates  of 
cooling  representing  radiation  to  free  space,  and  immersion  of  insulated  and 
bare  test  specimens  in  liquid  nitrogen.  These  calculations  indicated  that 
thermal -shock  stresses  of  the  order  of  only  100  psi  were  to  be  expected  for 
the  worst  case  (bare  immersion),  and  were  used  to  justify  the  accelerated 
thermal-cycle  design  development  tests  discussion  in  Section  3.3.  The 
details  of  this  analysis,  together  with  additional  details  of  the  analyses 
discussed  above,  and  documentation  of  the  computer  code  appear  in  Appendix  H. 
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A brief  analysis  of  the  potential  stress-reduction  benefit  which 
might  be  obtained  by  tapering  the  metal  attachment  fitting  was  made  by  series 
solution  of  the  differential  equations  derived  from  a one-dimensional  model 
of  the  shear-load-transfer  process.  Solutions  for  a variety  of  bondline 
thicknesses  and  small  taper  angles  indicated  that  incremental  thickening  of 
the  bond  reduces  the  entrance  peak  much  more  rapidly  than  incremental  steepen- 
ing of  the  taper  angle.  Details  of  the  analysis  are  reported  in  Appendix  I. 

The  regime  of  larger  taper  angles  was  addressed  in  the  design  development  tests. 

4.  ASSESSMENT  OF  BURSTING  MARGINS 

A local  failure  model  based  on  bursting  at  the  butt  seams  of  90° 
plies  in  thin-walled  [900|Vj/0°2N/900^]  tubes  is  presented  in  Appendix  C: 

P = 4TrRt1SQf(vLT,vTL,  t1/t?)  (6) 

where  P is  the  axial  compression  burst  load;  R is  the  tube's  mean  radius; 

SQ  is  a resin  strength  parameter;  vLT  and  Vyy  are  the  ply  major  and  minor 
Poisson  ratios;  and  t-j , t2  are  respectively  the  thicknesses  of  M 90°  plies 
and  N 0°  plies.  The  behavior  of  f(v^y,  Vy^»  ty / t2 ) in  the  range  of  interest 
for  AS/3501-6  graphite/epoxy  is  illustrated  in  Figure  10. 

The  data  in  the  appendix  (Table  C-5)  indicate  that  taking  SQ  = Fy2> 
the  ply  transverse  tensile  strength,  does  not  predict  the  burst  load  with 
sufficient  accuracy.  A prediction  of  35.6  KIPS  for  the  test  tubes  is 
obtained,  while  the  four  accepted  data  points  give  a mean  value  of  24.5  KIPS 
with  unbiased  standard  deviation  of  3.2  KIPS. 

However,  it  is  reasonable  to  assume  that  the  strength  parameter, 

S , will  be  relatively  insensitive  to  moderate  changes  in  tube  design. 

Hence,  bursting  loads  for  the  ATS/3-Ring  and  Tripod-B  longerons  and  antenna- 
support  legs  can  be  predicted  by  scaling  the  test  data  in  accordance  with: 


where  the  unprimed  and  primed  quantities  refer  to  test  and  design 
dimensions,  respectively.  For  the  purpose  of  assessment,  a 99-percent 
confidence  lower  bound  estimate,  P = 10  KIPS,  is  used  in  Eq.  (7).  The 
margins  with  respect  to  first-passage  loads,  1 - Ppp/P',  are  summarized  in 
Table  8 for  the  primary  and  first  alternate  tube  layup  schemes  assumed  in 
preliminary  design.  The  ATS/3-Ring  longerons  and  Tripod-B  antenna-support 
legs  (2.6-in.  I.D.  tubes)  have  more  margin  against  bursting  than  against 
buckling.  However,  the  Tripod-B  longerons  (3.4-in.  I.D.  tubes)  have 
greater  margin  against  buckling.  (Compare  with  Table  5;  note  that  neither 
table  accounts  for  the  suggested  modification  of  doubling  the  Tripod-B 
support-leg  wall  thickness.) 


Figure  10.  Laminate  Parameter  for  Burst  Model 
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TABLE  8 

SUMMARY  OF  BURSTING  MARGINS 


LAMINA 

T E 

Primary 

First  Alternate 

Design  and  Component 

[90°/0°g/90°] 

[90°/0°8/90°] 

ATS/3-Ring  Longerons 

0.60 

0.61  ; 

Tripod-B  Longerons 

0.43 

0.44 

Tripod-B  Antenna-Support 
Legs 

0.58 

0.59 

5.  ASSESSMENT  OF  FATIGUE  DAMAGE  ACCUMULATION 

Assessments  of  fatigue  damage  accumulation  in  the  ATS/3- Ring  and 
Tripod-B  longerons  were  made  by  means  of  a generalized  linear  damage- summation 
hypothesis  [7]: 

£(n/N)  = [/“  it  (8) 


where  E(s)  is  the  exceedance  curve  for  stress  amplitude,  E'(s)  = dE/ds,  N(s) 
is  the  number  of  cycles  to  failure  at  constant  amplitude;  and  At  is  the  dura- 
tion of  the  first-stage  boost  phase.  Attention  was  focused  on  entrance-peak 
axial  stresses  in  the  longerons  (under  combined  axial  and  bending  load). 

Separate  analysis  were  made  assuming  SCF  of  1.5,  2.0  and  2.5  to 
represent  a range  of  possible  attachment  designs.  An  N(s)  curve  for  graphite/ 
epoxy  subjected  to  fully  reversed  loading  was  constructed  by  extrapolating 
available  data  [17,18], 


than  high-strength  graphite/epoxy  (see  Section  11,2,  Table  1).  To  compare 
the  candidate  designs  fairly,  it  was  then  assumed  that  the  ATS/3-Ring  would 
be  redesigned  with  the  high-strength  graphite/epoxy  used  for  Tripod-B.  This 
change  would  require  about  18  lb.  additional  weight  in  ATS/3-Ring  to  maintain 
the  buckling  margins.  On  this  basis,  the  fatigue  calculations  for  both  con- 
cepts showed  that  some  sophistication  in  the  design  of  end  attachments 
(1.5  < SCF  £ 2.0)  leads  to  acceptably  low  estimate  damage  accumulation  due  to 
launch  (0.007  _<  In/N  _<  0.16).  Details  of  the  assumptions  and  calculations  are 
reported  in  Appendix  D,  Sections  D-9  and  D- 1 0 . 


SECTION  V 


COMPARATIVE  ASSESSMENT  OF  CANDIDATE  DESIGNS 

Analyses  of  response  to  launch  loads  indicated  requirements  for 
minor  redesign  of  both  candidates.  The  material  in  ATS/3-Ring  was  changed 
from  high-modulus  to  high-strength  graphite/epoxy  to  assure  low  damage 
accumulation,  and  to  provide  a fair  basis  for  comparison  with  Tripod-B. 

The  wall  thickness  of  the  antenna- support  legs  in  Tripod-B  was  increased  to 
attain  adequate  buckling  margins  in  these  components,  again  to  provide  a 
fair  basis  for  comparison.  These  design  changes  resulted  in  weight  incre- 
ments of  about  18  lb.  for  ATS/3-Ring  and  22  lb.  for  Tripod-B.  Some  slight 
improvement  in  the  fatigue  performance  of  the  latter  design  might  be 
expected  to  accompany  the  stiffening  of  the  antenna-support  legs.  However, 
the  probable  effect  at  the  longeron/electronics  module  attachment  is  small 
and  will  be  neglected  in  the  comparative  assessment.  Specific  comparisons 
of  the  various  performance  characteristics  will  now  be  reviewed  briefly. 

With  respect  to  buckling  margins,  the  two  designs  are  nearly 
equivalent.  For  ATS/3-Ring,  1-Ppp/P^  1 0.45  all  components,  while  for 
Tripod-B,  1 - Ppp/pCp  1 0.49,  where  Fpp  is  the  expected  once-per-launch 
axial  compression  in  a component.  Similar  results  for  bursting  margin  were 
also  obtained:  1 - Ppp/P1  1 0.60  in  ATS/3-Ring  and  0.43  in  Tripod-B.  The 
small  difference  in  minimum  margins  does  not  favor  either  design. 

Static  strenqth  checks  at  the  longeron/electronics  module  attach- 
ments were  made  by  assuming  full  correlation  between  the  expected  once-per- 
launch  axial  load  and  bending  moment,  and  by  including  a conservative  stress 
concentration  factor  to  represent  the  effect  of  the  joint  entrance.  Static 
margins  of  0.1  for  ATS/3-Ring  and  0.29  for  Tripod-B  were  obtained  in  this 
manner  (see  Appendix  D).  The  component  loads  surveys  (also  in  Appendix  D) 
can  be  used  to  extend  the  strength  check  to  other  joints.  Table  9 
summarizes  the  survey  of  major  loads,  expressed  as  fractions  of  the  loads 
at  the  longeron/EM  attachments. 
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TABLE  9 


LOAD  SURVEY  SUMMARY 

(Fraction  of  Correspondi ng  Load  at  Longeron/EM  Attachments) 


Location 

D 

E S I 

G N 

ATS/ 3 

-Ring 

Tripod-B  f 

Axial 

Load 

Largest 

Moment 

Axial 

Load 

Largest 

Moment 

EM  Attachments 

1.00 

1.00 

1.00 

1.00 

First  Ring 

1.00 

0.21 

1.00 

0.13 

Second  Ring 

1.00 

0.41 

1.00 

0.43 

Third  Ring 

1.00 

0.89 

1 .00 

0.57 

Antenna  Housing 

1.00 

1.21 

1.05* 

- 

Apex  Joint 

“ 

0.05 

0.09 

★ 

Expressed  as  fraction  of  ATS/3-Ring  longeron/EM  load  because  of 
similar  dimensions  of  Tripod-B  antenna-support  legs. 
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lower  at  the  antenna  attachments  than  at  the  EM  attachments.  For  ATS/3- 
Ring,  the  factor  of  1.21  on  bending  moment  implies  a negative  margin  at  the 
antenna  attachments,  since  bending  contributes  more  stress  to  the  longeron 
than  does  axial  load.  However,  the  apparent  factor  of  1.05  on  axial  load 
for  Tripod-B  will  actually  be  about  0.5  when  the  wal 1 -thickness  increase  in 
the  antenna-support  legs  is  accounted  for. 

With  respect  to  the  intermediate  joints  in  both  designs,  it  can 
be  assumed  that  the  longeron  stress  concentration  factors  will  be  low 
because  the  load  survey  indicates  that  the  star  ilizer-rings  do  not  act  as 
major  load-transfer  paths.  In  conjunction  with  the  low  load  fractions  at 
these  joints,  it  can  then  be  assumed  that  the  end  attachments  possess  the 
lowest  static  margins.  Hence,  the  static  margin  survey  favors  Tripod-B. 
However,  static  margins  in  ATS/3-Ring  could  be  recovered  by  addition  of 
doublers  to  the  ends  of  the  longeron  tubes. 


Fatigue  damage  calculations  were  made  at  the  longeron/EM  joints, 
assuming  stress  concentration  factors  between  1.5  and  2.0,  and  using  linear 
damage  summation.  The  computed  E(n/N)  values  caused  by  launch  loads  were 
0.007  to  0.113  for  ATS/3-Ring  and  0.010  to  0.162  for  Tripod-B.  These 
results  would  favor  ATS/3-Ring.  However,  the  reduced  static  margin  at  the 
ATS/3-Ring  antenna  attachments  would  also  lead  to  increased  E(n/N)  values 
at  these  locations.  Therefore,  the  fatigue  performances  of  the  two  designs 
are  considered  to  be  equivalent. 

A low  first- torsion  frequency  was  discovered  in  the  natural -modes 
analysis  of  Tripod-B  (see  Table  4 in  Section  IV).  Although  the  effects  of 
launch  loads  on  this  mode  were  accounted  for  in  the  subsequent  dynamic 
analysis,  the  impact  of  torsional  flexibility  during  antenna  deployment  must 
also  be  considered.  Release  of  the  parabolic  reflector  antenna  from  its 
housing  is  accompanied  by  a torque  impulse  with  4,000  lb.  ft.  estimated 
intensity;  maximum  stresses  of  7.25  ksi  in  ATS/3-Ring  and  77.3  ksi  in 
Tripod-B  were  obtained  from  analyses  of  static  response  to  the  deployment 


Approximate  analysis  of  deployment  dynamics  indicates  that  load 
factors  of  1.13  and  1.48  must  be  applied  to  ATS/3-Ring  and  Tripod-B, 
respectively  (see  Appendix  J).  Thus,  the  dynamic  deployment  stress  peaks 
will  be  about  8 ksi  in  ATS/3-Ring  and  114  ksi  in  Tripod-B.  These  dynamic 
peaks  will  decay  to  about  5 percent  of  their  initial  values,  in  approximately 
24  cycles,  assuming  a modal  damping  factor  c = 0.02.  Hence,  antenna 
deployment  is  primarily  a problem  of  static  margin  with  regard  to  the  feed 
truss.  The  results  favor  ATS/3-Ring,  which  will  survive  as  designed.  When 
stress  concentration  is  accounted  for,  it  appears  that  Tripod-B  will  require 
doublers  at  the  ends  of  the  longerons  and/or  the  antenna-support  legs  to 
retain  adequate  static  margin. 

The  foregoing  comparisons  are  summarized  in  Table  10.  Information 
developed  previously  about  thermal  stability  and  fabrication  cost  [1],  is 
included  in  the  table  to  provide  a complete  picture.  Also,  qualitative 
estimates  of  the  risks  associated  with  joint  design  are  included.  The 
"intermediate"  risks  listed  for  Tripod-B  arise  from  the  combination  of  high 
load  transfer  and  complex  geometry  (apex  fitting  and  fittings  interconnecting 
longerons,  antenna  supports,  and  third  stabilizer  ring).  Detail  design  of 
these  joints  for  launch/deployment  reliability  may  add  about  10  lb.  to  the 
weight  of  Tripod-B.  Overall,  the  assessment  appears  to  favor  the  Tripod-B 
design. 
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TABLE  10 


ASSESSMENT  SUMMARY 


Item 

ATS/ 3- Ring 

Tripod-B 

Item  Favors 

Weight  estimates  (lb): 

Minimum 

122 

92 

Maximum 

181 

130 

Tripod-B 

Buckling  and  bursting 
margins 

> 0.45 

> 0.43 

- 

Lowest  static  margin  (without 
doublers)  for: 

Launch 

< 0 

0.25 

Deployment 

0.95 

< 0 

- 

Fatigue  damage  during 
launch,  (n/N): 

SCF  = 1.5 

0.0071 

0.010 

SCF  = 2.0 

0.113* 

0.162 

- 

Thermal  Defocussing  Due  to: 
Uniform  Cooling  (AT=-3Q0°C) 
Translation,  AL  (in) 

-0.034 

0.025 

Lateral  solar  incidence 
Translation,  AL  (in) 

-0.015 

0.0145 

Tilt,  A0  (deg) 

0.006 

0.0032 

Tripod-B 

Cost^ 

$115,770 

$79,615 

Tripod-B 

Risks  in  design  of: 

End  attachments 

Low 

Low 

Stabilizer-ring  Joints 

Low 

Intermed. 

Apex  Joint 

~ 

Interned. 

ATS/3-Ring 

^Larger  values  expected  at  antenna  attachments. 

20ata  from  Ref.  1,  Table  7. 

3 

Preliminary  cost  estimates  from  Ref.  1,  Tables  12  and  13;  labor 
and  materials  to  fabricate  flight  and  backup  hardware. 
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SECTION  VI 


FABRICATION,  INSPECTION  AND  QUALIFICATION 

1.  COMPONENT  FABRICATION  AND  INSPECTION 

Composite  tubing  designed  for  high  axial  stiffness  and  low  axial 
thermal  expansion  can  be  assembled  much  more  easily  by  using  preimpregnated 
material  for  axial  plies  than  by  filament  winding  at  very  low  helix  angles. 
However,  the  problem  of  handling  preimpregnated  layups  on  cylindrical 
mandrels  has  not  been  solved.  Improvements  in  processing  have  been  demon- 
strated with  two  approaches:  the  Teflon  inner  mandrel  [19]  and  the  steel 
outer  mandrel  [20].  Both  methods  have  been  used  successfully  to  fabricate 
laboratory  test  specimens  with  diameters  from  0.5  to  3.0  in.,  but  neither 
has  been  proved  as  a reliable  manufacturing  method.  Relevant  experience 
by  other  investigators  and  a review  of  problems  encountered  with  the  Teflon 
mandrel  method  in  the  present  investigation  are  reported  in  Appendix  K. 

A summary  is  presented  in  Table  11. 


TABLE  11 

RELATIVE  MERITS  OF  INNER  AND  OUTER  MANDRELS 


MET 

HOD 

Item 

Inner  Teflon 

Outer  Steel 

Axial  Ply  Wrinkling 

No 

No 

Finish  Tube  Diameter  Ref. 

I.D.  +0.002  in. 

O.D.  +0.002  in. 

Unacceptable  Wall 

Thickness  Variation 

Circumferential 

None  reported 

Unacceptable  Void 

Content 

2 

In  thick  region 

No 

Fiber  Volume  Fraction 

Not  assessed 

Sensitive  to  mandrel 
tolerances 

Initial  Imperfection 
(Bowing)  of  Long  Tubes 

Possible3 

Negl igible 

^Apparently  caused  by  use  of  squeegee  rollers  for  layup. 

“^Apparently  caused  by  substitution  of  heat-shrinkable  outer  sleeve  for 
..vacuum  bag. 

^Caused  by  sagging  of  unsupported  mandrel  during  cure. 
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Some  suggestions  for  solving  the  wall  thickness,  void  content, 
and  fiber  volume  fraction  problems  are  given  in  Appendix  K.  Sagging  of 
long  Teflon  mandrels  can  be  prevented  either  by  vertical  hanging  or  by 
insertion  in  a steel  support  tube  of  larger  diameter.  Vertical  hanging  may 
require  a specially  built  autoclave,  and  may  cause  axial  variation  of  resin 
bleed.  Resting  the  mandrel  in  a support  tube  may  create  a resin-poor  axial 
seam  unless  a flexible  pad  is  placed  between  the  mandrel  and  support  tube. 

Whichever  method  is  ultimately  chosen  for  production,  it  is 
apparent  that  the  fabrication  of  laminated  tubes  for  high-load  applications 
should  be  accompanied  by  rigorous  quality-assurance  inspection  at  the 
component  level.  Dimensional  measurements  should  include  diameter,  wall 
thickness,  and  bow  at  midspan.  A tolerance  for  midspan  bow  can  be 
established  by  reduction  of  design  allowable  buckling  loads  with  initial 
imperfection  sensitivity  analysis.  To  supplement  the  dimensional 
measurements,  a short  ring  should  be  cut  from  the  end  of  each  tube  for 
photomicrography  (determination  of  fiber  volume  fraction  and  void  content), 
and  perhaps  for  a hydrostatic  burst  test  of  the  type  proposed  by  Whitney, 
et  al.  [20].  However,  the  results  of  such  ring  tests  should  not  be  accepted 
uncritically  as  measures  of  quality  along  the  entire  length  of  long  tubes. 

Preimpregnated  material  may  be  used  for  90°  plies,  as  well  as 
axial  plies,  to  avoid  potential  complications  in  processing  where  filament- 
wound  wet  layups  are  made  under  and  over  B-staged  axial  plies.  The 
presence  of  butt  or  lap  seams  in  90°  plies  can  degrade  local  tube  strength 
by  reducing  the  axial  load  at  which  the  tube  will  burst  below  the  local 
crippling  instability  load.  The  present  investigation  has  demonstrate  i 
that,  in  the  case  of  straight  butt  seams,  some  combinations  of  stacking 
sequence  and  tube  dimensions  can  result  in  static  margins  that  are  lower 
for  bursting  than  for  column  buckling.  Hence,  inclusion  of  an  equivalent 
hydrostatic  proof  test  of  the  entire  tube  component  should  be  considered. 

A method  for  establishing  the  proof  load  level,  based  on  launch 
load  statistics  and  cost  minimization,  is  given  in  detail  in  Appendix  L. 

A numerical  case  representing  the  Tripod-B  longerons  was  solved  assuming 
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that  the  tubes  would  be  designed  to  a mean  strength  equal  to  twice  the 
first-passage  load,  and  that  manufactured  tubes  would  exhibit  about  10 
percent  coefficient  of  variation  in  strength.  Under  these  assumptions, 
the  optimum  proof  load  is  determined  to  be  about  77  percent  of  design 
static  strength,  and  a lower  bound  to  launch  reliability  between  5 and  6 
nines  is  obtained.  These  results  demonstrate  that  reliable  design  of 
composite  tubes  containing  butt  seams  is  practical. 

2.  JOINT  FABRICATION 

Although  a finite-element  code  was  completed  for  stress  analysis 
of  the  intermediate  joints  between  longerons,  antenna  supports  and 
stabilizer  rings,  the  amount  of  analysis  performed  was  not  sufficient  to 
predict  the  stress  levels  with  confidence.  Also,  no  DDT  specimen  develop- 
ment for  these  joints  was  undertaken  in  the  present  program.  Therefore, 
no  assessment  can  be  made  of  potential  fabrication  problems  for  such 
joints.  The  intermediate  joints  are  much  less  critical  than  the  end- 
attachment  joints,  as  far  as  a communications  satellite  antenna-feed  truss 
is  concerned.  However,  the  concept  of  making  tube/tube  joints  by  secondary 
bonding  of  independently  fabricated  composite  parts  deserves  attention  for 
other  applications  where  high  load-transfer  capability  and  thermal  compati- 
bility requirements  exist. 

Analyses  and  DDT  specimen  fabrication/test  experience  have  shown 
that  bonded  composite/steel  joints  for  attachments  can  be  designed  to  have 
reduced  entrance  shear  peaks  in  the  bondline  by  tapering  and  slotting  the  steel 
fitting.  Bonds  approximately  0.001  in.  thick  using  a commercial  pot  resin  gave 
95  percent  confidence  lower-bound  strengths  of  about  7.4  KIPS  initially  and  4.1 
KIPS  after  500  to  1,000  thermal  cycles  (see  Table  C-6).  These  results  can  be 
scaled  in  accordance  with: 


P*  _ R'L 1 
P RL 


(9) 


where  R and  L are  the  tube  radius  and  bond  length,  respectively.  Using  the 
data  assumed  for  the  Tripod-B  longerons  (Table  C-7)  leads  to  estimates  of 
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about  82  KIPS  initially,  and  45  KIPS  after  thermal  exposure.  Thus,  the 
achievable  initial  strength  in  a Tripod-B  longeron  joint  is  about  2.8 
times  the  estimated  first-passage  load. 

The  results  of  the  investigation  highlight  several  important 
factors.  Strength  degradation  by  thermal  exposure  is  significant  (about  a 
factor  of  two  reduction  in  tests  which  simulated  five  to  ten  years  of  life 
in  orbit).  However,  the  employment  of  taper  and  slots  in  the  metal  fitting 
keeps  the  long-term  residual  strength  well  above  any  mechanical  loads  which 
might  be  imposed  by  satellite  attitude-control  systems. 

A cost  reduction  has  been  demonstrated  by  using  steel  fittings 
(as  opposed  to  the  titanium  fittings  used  on  ATS-6).  The  reduction  is 
minor  for  the  feed  truss  per  se,  but  may  be  important  in  other  applications 
(see  Section  VII). 

Finally,  fabrication  experience  indicates  that  bond  thicknesses 
can  be  sensitive  to  I.D./O.D.  tolerances  between  the  composite  tube  and 
fitting.  This  sensitivity  is  suggested  by  the  scatter  in  joint  strength 
data  (see  Table  C-6). 

Some  important  issues  were  not  resolved  by  this  study.  The  I . D . / 
O.D.  tolerance  problem  implies  not  only  axial  strength  variability,  but 
also  variation  in  joint  strength  and  stiffness  in  bending.  Even  if  a 
future  program  demonstrates  adequate  bending  strength,  joint  stiffness 
must  be  quantified  to  permit  better  assessment  of  critical  buckling  loads 
and  potential  dimensional  errors  due  to  thermal/mechanical  loads  in  orbit. 

It  is  still  not  clear  whether  inside  or  outside  metal  fittings 
should  be  used  in  attachment  joints.  The  designers  of  the  ATS-6  truss 
chose  outside  fittings,  but  commented  that  inside  fittings  might  reduce  the 
stress  concentrations  [3  ].  Inside  fittings  were  chosen  in  the  present 
study  primarily  because  the  composite  tubes  were  fabricated  to  better  I.D. 
than  O.D.  tolerances.  Future  design  trade  studies  should  consider  this 
question  from  the  viewpoint  of  effects  on  butt  seams  in  the  composite  tubes. 
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Finally,  no  experimentation  with  joint  NDI  methods  was  attempted 
in  the  present  study.  Ultrasonics  and  videothermography  appear  to  be 
promising  approaches  [21].  Either  method  should  be  applicable  when  the 
composite  tube  is  the  outer  structure,  but  NDI  of  outer  metal  fittings  may 
be  restricted  to  ultrasonics.  In  any  case,  experimental  detection  relia- 
bility studies  will  be  required.  The  importance  of  validating  such  NDI 
methods  is  even  greater  when  the  presence  of  doublers  is  considered. 

Doublers  will  be  required  at  the  ends  of  the  Tripod-B  longerons  and  antenna 
support  legs  to  counteract  the  high  stress  levels  associated  with  antenna 
deployment  (see  Appendix  J).  The  doublers  may  require  secondary  bonding  to 
avoid  potential  difficulties  in  fabrication  and  quality  assurance  of  a 
long  tube  with  co-cured  doublers. 

3.  DESIGN  ALLOWABLES 

The  detail  design/fabrication  process  should  interact  with  a 
program  for  definition  of  design  allowables.  This  program  can  be  based 
primarily  on  DDT  specimens.  The  correlation  of  axial  compression  and  hydro- 
static pressure  tests  of  short-tube  specimens  to  define  a long-tube  proof 
test  (Appendix  L)  fits  the  category  of  design-allowable  testing. 

Long-tube  DDT  specimens  should  be  subjected  to  environmental 
exposure  to  assess  degradation  effects.  Dilatometer  measurements  should 
be  made  before  and  after  exposure  to  quanitfy  long-term  dimensional 
stability.  The  dimensional  stability  of  composites  exposed  to  the  space 
environment  is  of  concern  in  current  space  programs  [22],  and  will  be 
crucial  for  larger  microwave  structures.  After  dimensional  stability  has 
been  measured,  the  long  tubes  should  be  cut  into  short  sections  for  com- 
pression or  burst  tests  to  assess  strength  degradation. 

Environmental  testing  may  be  costly,  and  should  be  considered  in 
terms  of  an  integrated  laboratory  test  program  instead  of  a design-allowables 
task  for  a specific  structure.  Environmental  effects  which  must  be  con- 
sidered at  geosynchronous  altitude  are  micrometeroid  damage,  hard  vacuum, 
ultraviolet  radiation,  the  high-energy  electromagnetic  spectrum  (X-rays, 
gamma  rays),  high-energy  particles,  and  thermal  cycles.  Micrometeroid 
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damage  is  predictable  to  some  extent,  based  on  the  work  of  Kerridge  [23], 

Millman  [24],  and  Cour-Palais  [25].  A damage  risk  assessment  method  based 
on  the  data  in  Refs.  23,  24  and  25  was  recently  formulated  by  Orringer  and  Colombo, 
and  is  documented  in  Ref.  26.  Vacuum  and  UV  radiation  can  be  simulated  in 
the  laboratory  but  their  effects  accumulate  with  calendar  time,  requiring 
long-term  tests.  These  effects  plus  some  of  the  high-energy  spectrum  will 
be  experienced  by  test  specimens  planned  for  the  NASA  Long  Duration 
Exposure  Facility  (LDEF).  Data  obtained  from  these  tests  should  be  incor- 
porated in  the  integrated  program.  However,  the  LDEF  experiment  will  not 
be  subjected  to  deep  thermal  cycles.  Therefore,  long-term  ground  tests 
combining  hard  vacuum,  UV  radiation,  and  thermal  cycles  should  be  pursued 
independently  to  establish  interaction  effects.  Assessment  of  accelerated 
test  procedures  should  be  a primary  objective  of  the  ground  tests.  For 
example,  validation  of  the  accelerated  thermal  cycle  test  for  bonded  joints 
would  lead  to  cost  savings  in  DDT  programs  for  specific  structures. 

The  design  allowables  test  plan  for  a specific  structure,  such  as 

the  Tripod-B  truss,  should  include  static  stiffness  and  strength  tests 

(compression  and  bending)  and  residual  compressive  stiffness/strength 

measurements  following  environmental  exposure  (accelerated  if  thin-bond 

properties  are  shown  to  be  insensitive  to  vacuum  and  radiation).  Low-cycle 

mechanical  fatigue,  followed  by  residual  stiffness/strength  measurement, 

should  also  be  included  to  establish  empirical  fatigue  curves  for  estimation 
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of  launch  damage.  Constant-amplitude  tests  out  to  10  to  10  cycles  should 
be  adequate  for  this  purpose. 

The  test  plan  should  be  flexible.  A few  data  points  early  in  the 
detail  design  phase  will  permit  rough  definitions  of  mean  values  for  a 
range  of  design  variations.  Toward  the  end  of  the  detail  design  phase,  when 
the  joint  details  have  been  matured,  enough  data  points  should  be  taken  to 
define  a reasonable  95-percent  confidence  upper  bound  for  the  standard 
deviation  of  a given  property,  as  well  as  a lower  bound  for  the  mean  value. 

These  data  should  be  collected  from  manufacturing  (as  opposed  to  laboratory) 
specimens  to  quantify  manufacturing  quality  for  the  reliability  analyst. 
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Axial  compression  tests  of  DDT  joints  are  straightforward, 
requiring  only  short  sections  of  composite  tubing  outside  the  joint 
(length/diameter  ratio  equal  to  3).  However,  proper  simulation  of  bending 
effects  in  the  DDT  using  only  a lateral  load  may  require  much  longer 
specimens.  The  ATS/3-Ring  and  Tripod-B  longeron  and  attachments  provide 
contrasting  examples,  as  shown  in  Table  12. 

TABLE  12 

TYPICAL  LENGTH  REQUIREMENTS  FOR  BENDING  TEST 


D E S I 

G N 

Item 

ATS/ 3-Ring 

Tripod-B 

Moment,  M (in.  lb.) 

4,643 

3,783 

Shear,  V (lb.) 

521 

77 

Required  Length, 

L = M/V  (in.) 

8.9 

49.1 

Length/Diameter 

3.3 

14 

4.  QUALIFICATION  OF  FLIGHT  HARDWARE 

Flight  hardware  qualification  should  be  planned  as  a series  of 
tests,  each  of  which  increases  the  probability  of  success  while  allowing 
the  options  of  design  modifications  and/or  re-fabrication  in  case  of  test 
failures.  Certain  qualification  tests  can  be  conducted  at  the  component 
level,  e.g.,  the  hydrostatic  proof  testing  of  longerons  mentioned  in 
Section  VI.  1 . However,  the  general  objective  of  most  qualification  tests  is 
to  verify  global  properties  of  the  structure,  a goal  that  cannot  be 
achieved  by  component  tests.  The  major  milestones  in  the  qualification 
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test  program  for  a communications  satellite  antenna-feed  truss  are,  in 
chronological  order: 


1)  Microwave  shadow  and  radar  cross  section. 

2)  Component  proof  tests. 

3)  Static  test  of  assembled  structure. 

4)  Dynamic  test  of  assembled  structure. 

5)  Dimensional  stability. 

6)  Space-charging  simulation. 

Ideally,  the  microwave  shadow  test  should  be  conducted  in  the 
preliminary  design  phase  of  a development  program,  while  an  option  for 
changing  the  design  concept  completely  is  still  available.  The  purpose 
of  this  test  is  to  determine  how  the  feed  truss,  intervening  between  the 
broadcasting  dipoles  and  the  reflector  antenna,  distorts  the  main  and  side 
lobe  patterns  of  the  reflector.  Such  tests  are  generally  carried  out  with 
model  structures  at  1/5  to  1/20  scale,  using  an  anechoic  microwave  chamber. 
The  results  of  microwave  shadow  tests  can  also  influence  the  definition  of 
component  proof  loads  by  contributing  to  the  penalty  function  a term  that 
depends  strongly  on  design  conservatism  (i.e.,  the  effect  of  P/c^  on  com- 
ponent sizing,  and  hence  on  the  shadow).  A similar  test  for  radar  cross 
section  can  be  conducted  by  mounting  the  model  outdoors  and  measuring  the 
return  from  a remote  microwave  source. 

The  remaining  qualification  tests  are  conducted  toward  the  end 
of  the  detail  design  and  fabrication  cycle.  Component  proof  testing 
should  consist  of  a hydrostatic  test  for  each  production  longeron  and 
antenna-support  leg.  Production  plans  should  include  contingencies  for 
extra  articles  to  replace  any  components  which  fail  the  proof  test.  This 
approach  increases  the  confidence  in  successful  passage  of  the  final 
structural  tests,  while  paying  a minimum  price  in  terms  of  added  cost  and 
schedule  delay. 
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Current  practice  in  spacecraft  manufacturing  is  to  produce  two 
assembled  articles  from  the  components  that  have  passed  proof  testing. 

The  flight  hardware  and  backup  structure  are  both  subjected  to  final 
structural  testing,  but  only  one  article  need  be  tested  for  dimensional 
stability  and  space-charging. 

The  purpose  of  the  static  test  is  to  verify  that  the  most 
critical  global  modes  of  failure  have  been  accounted  for  in  design. 
Strength-dependent  failure  modes  result  from  load  transfer  through  joints 
(e.g.,  the  apex  joint  and  tee-joints  in  Tripod-B),  and  can  be  sensitive  to 
inaccuracies  in  stress  analysis.  Global  instability  modes  can  arise  from 
the  fact  that  true  joint  stiffnesses  are  finite.  The  possibility  of  global 
instabilities  in  the  ATS/3-Ring  and  Tripod-B  designs  was  suggested 
previously  [1],  and  should  be  addressed  analytically  in  the  detail  design 
phase.  Again,  the  predictions  must  be  verified  by  testing  because  the 
analysis  will  be  sensitive  to  variations  in  joint  stiffness.  Equivalent 
lateral  and  vertical  loads  to  be  applied  at  the  top  of  the  feed  truss  can 
be  established  by  base-excitation  analysis  (Appendix  D),  using  a simple 
bending-stretching  beam  model  to  represent  the  truss,  and  a concentrated 
mass  to  represent  the  reflector  antenna  and  associated  hardware.  Load  levels 
at  the  same  multiple  of  the  first-passage  statistics  as  the  component  proof- 
test  loads  should  be  applied. 

The  purpose  of  the  dynamic  test  is  to  simulate  local  internal 
overloads  that  may  occur  during  launch,  as  a result  of  structural  resonances. 
It  is  impossible  to  simulate  such  loading  accurately  in  a static  test  without 
a large  number  of  independently  controlled  load-application  points.  Hence, 
it  is  much  simpler  to  mount  the  truss  and  antenna  hardware  on  a shaker  table 
for  a sinusoidal  sweep  test.  Appropriate  RMS  acceleration  levels  in  the 
sweep  test  can  be  established  from  the  design  power  spectrum  (Figure  7)  by 
energy-matching  in  frequency  bands  of  width  determined  by  estimated  structur- 
al damping.  Vertical  and  lateral  excitation  sweeps  should  be  conducted 
separately  to  simulate  the  condition  of  uncorrelated  inputs. 
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The  purpose  of  the  dimensional  stability  test  is  to  verify  the 
defocusing  performance  of  the  feed  truss  under  thermal  soak  conditions. 

Two  such  tests  should  be  conducted,  with  thermocouple  instrumentation  to 
verify  temperature  distributions  over  the  structure.  These  tests  should 
be  carried  out  in  a vacuum  chamber  to  avoid  heat  conduction/convection 
through  air.  Heat  can  be  supplied  by  IR  lamps.  One  test  should  seek  to 
establish  a uniform  soak  temperature  by  combintion  of  lamps  and  reflecting 
foil  around  the  structure.  Linear  defocusing  due  to  cold  soak  in  earth 
shadow  can  be  estimated  from  the  results  of  this  test.  In  the  second  test, 
the  structure  should  be  heated  from  one  angle,  without  reflecting  foil, 
to  represent  a case  of  lateral  solar  incidence. 

The  space-charging  phenomenon  was  encountered  in  some  early 
high-altitude  satellites,  and  is  of  great  concern  to  designers  because  of 
its  effects  on  electronics  and  attitude-control  systems  [27].  Electrical 
potentials  can  be  accumulated  on  a satellite  by  impingement  of  ionized 
particles  from  the  solar  wind.  Potential  gradients  between  different  points 
occur  when  the  electrical  conductivity  of  the  intervening  material  is  low, 
thus  limiting  the  charge  leak  rate.  The  magnitudes  of  the  gradients  can 
be  estimated  during  the  detai  1 design  phase  by  an  electrical  conductivity 
model  similar  to  the  thermal  model  [1  ] which  was  used  to  estimate  tempera- 
ture gradients.  Potential  gradients  may  disturb  electronics  and/or  damage 
the  structure  when  they  become  sufficiently  large  to  cause  arc  discharges. 

A simulation  of  the  space-charging  effect  on  the  feed  truss  should  be 
conducted  in  vacuum  by  using  a DC  supply  to  establish  the  estimated  maximum 
potential  difference  between  the  antenna  housing  and  the  electronics  module. 
Minor  modifications  to  the  truss,  in  the  form  of  conductive  strips  or  small 
"lightning  rods",  can  be  incorporated  at  this  stage  of  the  program,  based 
on  results  of  the  discharge  tests.  Also,  the  probable  effects  on  satellite 
electronics  can  be  assessed  by  making  measurements  with  Hertzian  wave 
detectors  at  the  base  of  the  truss. 
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SECTION  VII 
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OTHER  SPACE  APPLICATIONS 

1.  LARGE  SPACE  STRUCTURES 

Much  of  the  technology  discussed  in  this  study  can  be  usefully 
applied  to  the  Large  Space  Structures  (LSS)  currently  being  considered 
for  various  missions  in  low-earth  orbit  and  at  geosynchronous  altitude. 

The  most  prominent  LSS  concept  is  a 5 x 12-km  satellite,  in  equatorial 
geosynchronous  orbit,  for  conversion  of  sunlight  to  microwave  energy  that 
is  transmitted  to  the  ground  to  provide  baseload  electrical  power.  The 
satellite  solar  power  station  has  been  studied  in  detail  by  NASA  [28], 
and  has  been  considered  with  respect  to  national  energy  policy  by  Congress 
[29]. 

High-energy  laser  platforms  and  active  radars  in  space  are  LSS 
concepts  with  potential  applications  to  Air  Force  missions.  The  active 
radar  in  space  will  be  discussed  here  as  a typical  LSS  example.  Micro- 
wave  antenna  systems  of  the  order  of  100  meters  in  diameter  are  currently 
being  studied  [30],  and  could  be  applied  to  such  radars.  Large  phased- 
array  antennas  with  typical  dimensions  up  to  1,000  meters  have  been 
suggested  [31].  A concept  for  a phased-array  LSS  antenna  is  illustrated 
in  Figure  11.  The  antenna  surface  is  a 1,000  meter  square  singly  curved 
panel  supported  by  a rectangular  truss  framework,  which  is  in  turn  stiff- 
ened by  posts  and  tension  cables. 

Table  13  summarizes  the  contrast  between  the  general  character- 
istics of  the  communications  satellite  (Figure  2)  and  active  radar 
structures.  The  weight  estimate  for  the  active  radar  was  obtained  by 
dimensionally  scaling  the  weight  estimate  for  Tripod-B.  The  cost  estimates 
assume  a T i tan- 1 1 1 C launch  for  the  communications  satellite  and  10  Space 
Shuttle  flights  at  current  cost  for  the  active  radar.  It  is  important  to 
recognize  that,  while  the  cost  of  the  communications  satellite  per  se 
dominates  the  total  investment,  transportation  is  a major  cost  for  the 
active  radar.  Furthermore,  the  transportation  cost  for  the  active  radar  is 
sensitive  to  weight,  while  launch  costs  for  the  communications  satellite 
are  not  affected  by  weight  savings  in  the  feed  truss. 
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TABLE  13 

COMPARISON  OF  GENERAL  CHARACTERISTICS 


Item 

SYS 

T E M 

Communications 

Satellite 

Feed  Truss 

Large 

Phased-Array 

Radar 

Total  major  components 

3 

^5  x 102 * 4 

Number  of  different 

components 

3 

6 

Typical  Dimensions 

Linear  (m)  2 

^7 

VI  o3 

Structural  area*  (rrr) 

^3 

%2x  104 

Weight  (lbs) 

V 00 

V3  x 105 

Cost  ($M) 

%50 

VI50 

Cost  Breakdown  (%) 

Fabrication 

^80 

%55 

Transportation 

^20 

VI5 

*Approximate  view  factor  for  micrometeroid  impacts. 


2.  DESIGN  REQUIREMENTS 

The  difference  between  the  communications  satellite  and  active 
radar  in  mission,  system  characteristics,  and  transportation  system  lead 

to  important  differences  in  design  requirements.  For  example,  achieve- 
ment of  low  radar  cross  section  is  important  as  a passive  defense  measure 

for  the  communications  satellite  because  it  is  small  and  distant  from  the 
earth,  and  because  its  active  signal  is  a relatively  low-power  (1  KW) 
narrow  beam  directed  toward  friendly  territory.  On  the  other  hand,  the 
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active  radar  is  large,  may  be  in  low-earth  orbit,  and  will  radiate  a high- 
power  (1  MW)  beam  toward  the  territory  of  a potential  aggressor.  Hence, 
there  is  no  reason  to  design  the  active  radar  structure  for  low-radar  cross 
section. 

A superficial  comparison  of  launch  load  spectra  for  the  two 
systems  (Figure  12)  indicates  that  little  difference  in  vibratory  load 
levels  is  to  be  expected.  However,  the  difference  in  launch  configurations 
will  have  a significant  effect.  The  corrmuni  cat  ions  satellite  is  a deploy- 
able system,  with  the  feed  truss  erect  and  acting  as  a slender  cantilever 
beam  with  concentrated  tip  mass  during  launch.  As  a consequence,  high 
axial  loads  due  to  compression  and  bending  are  developed  in  the  longerons 
and  antenna-support  legs  (see  Section  IV  and  Appendix  D).  On  the  other 
hand,  the  active  radar  must  be  transported  in  the  Space  Shuttle  as 
components,  which  will  subsequently  be  assembled  in  orbit.  It  is  reason- 
able to  assume  that  the  components  will  be  stowed  in  isolation  mountings, 
and  hence  will  not  experience  any  significant  bending  or  axial  loads 
during  launch. 


FREQUENCY  (Hz) 

(LDEF  spectrum  from  Ref.  32) 

Figure  12.  Comparison  of  Launch  Spectra 
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The  orbital  load  environments  for  the  two  systems  will  also  be 
quite  different.  A large  deployment  transient  is  expected  when  the 
communications  satellite  antenna  is  released,  and  this  event  establishes 
some  of  the  static  margins  in  the  Tripod-B  truss  (see  Section  IV  and 
Appendix  J).  However,  only  small  attitude-control  loads  are  expected 
over  the  10  to  20  year  life  of  the  satellite.  On  the  other  hand,  attitude- 
control  loads  on  the  active  radar  will  probably  cause  component  stresses 
greater  than  the  launch  stresses.  Also,  the  design  life  of  the  radar  will 
probably  exceed  20  years  to  amortize  its  cost  at  a reasonable  rate.  Hence, 
both  static  and  fatigue  margins  will  be  influenced  primarily  by  orbital 
loads. 

Degradation  due  to  microrneteroid  impacts  is  relatively  unimportant 
for  the  feed  truss  because  of  its  small  cross  section  (Table  13)  and 
because  the  orbital  loads  are  low.  However,  the  situation  is  reversed 
for  the  active  radar  structure,  and  predictions  of  the  type  mentioned  in 
Section  VI. 3 must  be  considered  as  a part  of  the  design  requirements. 

Dimensional  stability  is  crucial  for  both  systems.  In  the  case 
of  the  communications  satellite,  deformations  caused  by  temperature 
variations  defocus  the  reflector  antenna  and  thereby  increase  sidelobe 
power  at  the  expense  of  power  in  the  main  lobe,  and/or  misdirect  the  main 
lobe.  In  the  case  of  active  radar,  out-of-surface  (warping)  thermal  de- 
formations across  the  antenna  will  tend  to  disperse  the  radiated  wave  and 
to  degrade  return  detection  capability. 

3.  IMPACT  ON  DESIGN,  FABRICATION,  AND  TESTING 

The  foregoing  differences  in  system  characteristics  and  design 
requirements  have  several  important  consequences  with  regard  to  design, 
fabrication  and  testing  of  the  structure  for  a large  active  radar  in  space. 
These  consequences  will  be  reviewed  briefly  in  contrast  with  the  feed-truss 
design  study. 
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The  principal  benefit  of  fabricating  the  feed  truss  with 
composites  was  found  to  be  dimensional  stability  for  large  excursions  in 
temperature.  For  the  active  radar,  potential  weight  savings  are  equally 
important  because  of  the  significance  of  launch  costs.  However,  achieve- 
ment of  maximum  weight  savings  will  require  design  to  reduced  static  loads. 

Adequate  static  margins  can  still  be  attained  for  the  active 
radar  because  of  the  different  load-time  history  characteristics.  Histories 
applicable  to  the  feed  truss  and  active  radar  are  compared  schematically  in 
Figure  13.  Design  to  large  P/o  for  launch  and  deployment  determines  static 
margins  in  the  feed  truss,  while  subsequent  damage  accumulation  is  domin- 
ated by  thermal  cycles.  However,  the  combination  of  attitude  control  and 
thermal  cycles  in  the  active  radar  makes  the  long-term  spectrum  dominant. 
Hence,  static  margins  for  the  active  radar  structure  must  be  determined 
with  fatigue  damage  accumulation  in  mind. 


Figure  13.  Comparison  of  Load-Time  Histories 
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Also,  the  complexity  of  the  radar  structure  suggests  design  for 
repairabil ity  and  higher  component  reliability.  Repairability  implies 
the  use  of  mechanically  fastened  joints  to  allow  replacement  of  damaged 
components.  Hence,  bonded  metal  end-attachments  may  play  a role  in  this 
type  of  structure.  The  Tripod-B  longerons  were  designed  to  about  0.9^ 
reliability,  which  implies  a system  launch  reliability  (considering  only 
longeron  failures)  of  about  0.9^.  To  achieve  the  same  system  reliability 
in  the  active  radar  (considering  only  major  component  failures)  would 
require  design  to  about  0.9g  component  reliability,  i.e.,  a higher  proof- 
test  load. 

The  foregoing  considerations,  in  combination  with  the  very  strict 
dimensional  stability  requirements  for  phased-array  radars,  suggest  that 
the  structure  must  be  actively  controlled  to  meet  the  essential  system 
design  requirements.  Active  mechanical  control  without  fuel  consumption 
might  be  provided  by  solar-powered  servo-actuators  that  vary  the  tensions 
in  the  cables  shown  in  Figure  11.  However,  if  mechanical  actuation  is 
relied  upon  as  the  sole  control  mechanism,  the  fatigue  load  levels  may  be 
unacceptably  high.  There  will  undoubtedly  exist  some  ability  in  the 
radar  electronics  for  control  of  the  phasing  of  independently  fed  dipoles 
in  different  locations  on  the  array.  Very  large  phase-shift  ability  may 
be  routinely  designed  into  such  a radar  to  permit  operation  in  both 
forward-looking  and  squint  modes.  In  such  cases,  the  wave  shape  is  deter- 
mined by  interaction  of  the  phase  state  and  the  structural  shape.  The 
structural  design  of  a phased-array  radar  in  space  should  then  be  driven 
by  somewhat  relaxed  dimensional  stability  requirements  established  from  an 
interactive  structural /electrodynamic  system  study.  The  conception  of 
such  a study  is  shown  schematically  in  Figure  14. 

Final  structural  qualification  of  the  feed  truss  consists  of 
several  full-scale  tests  of  the  completed  flight  hardware  (see  Section  VI). 
Obviously,  this  type  of  testing  will  be  impossible  for  the  large. active 
radar,  but  there  is  still  a need  to  assess  the  effects  of  static  and 
dynamic  loads,  thermal  cycles,  and  space-charging  on  the  structure.  These 
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assessments  can  be  made  by  design  verification  tests  (DVT)  of  subassem- 
blies. An  extensive  DVT  program  was  conducted  as  a part  of  the  B-l 
design,  the  purpose  in  that  case  having  been  to  increase  confidence  in 
successful  passage  of  the  full-scale  fatigue  and  damage- tolerance  tests 
[33].  In  the  case  of  the  active  radar  in  space,  a DVT  program  must  of 
necessity  act  as  a substitute  for  full-scale  testing. 
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SECTION  VIII 


CONCLUSIONS  AND  RECOMMENDATIONS 

1 . CONCLUSIONS 

1)  Laboratory  experiments  with  delamination  coupons  failed 
to  produce  a test  specimen  configuration  that  could  be 
used  to  determine  true  interlaminar  strength  properties. 
Additional  experiments  and  better  analyses  are  needed 

to  achieve  this  goal  (see  Appendix  A). 

2)  Short  beam  shear  tests  for  interlaminar  strength  trends 
indicate  that  AS/3501-6  graphite/epoxy  cured  in  accord- 
ance with  the  manufacturer's  recommended  procedure 
exhibits  no  strength  degradation  after  accelerated 
thermal  cycling  equivalent  to  10  years  experience  of 
earth-shadow  cold  soaks  at  geosynchronous  altitude  (see 
Appendix  B).  However: 

a)  Only  [0^]  laminates  were  tested. 

b)  Similar  date  for  0°  laminates  with  Mylar 
inserts  showed  a slight  degradation, 
suggesting  that  damage  could  accumulate 
from  thermal  stress  cycles  in  laminates 
containing  90°  and/or  angle  plies.  Actual 
thermal  cycle  effects  in  these  cases  need 
to  be  assessed  by  experimentation  before 
any  definite  conclusion  can  be  drawn. 

3)  Detail  fabrication  costs  for  end-attachments  bonded  to 
composite  tubes  can  be  reduced  by  using  steel  instead  of 
titanium  fittings.  Strength  tests  of  such  joints  indicate 
that  adequate  initial  strength  for  survival  of  launch 
loads  and  adequate  resistance  to  the  10-year  accelerated 
geosynchronous  thermal  fatigue  simulation  can  be  combined 
in  the  same  joint  design,  provided  that  steep  taper  and/or 
slots  are  incorporated  in  the  fitting  (see  Appendices  C 
and  I). 
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4)  The  scatter  in  joint  strengths  for  production  articles 
may  be  sensitive  to  variation  in  bond  thickness,  which 

in  turn  is  sensitive  to  variation  in  I.D./O.D.  tolerances 
between  a composite  tube  and  its  end  fittings.  Quantifi- 
cation of  this  scatter  early  in  the  detail  design  phase 
is  important  for  proper  assessment  of  structural  relia- 
bility (see  Appendices  C,  D,  K,  and  L). 

5)  The  most  critical  local  failure  mode  in  [90°/0°N/90°]  tubes 
with  straight  butt  seams  in  the  90°  plies  under  axial 
compression  appears  to  be  a bursting  phenomenon  at  loads 
much  lower  than  the  crippling  instability  load;  the 
bursting  load  appears  to  be  controlled  by  ply  Poisson 
ratios,  a resin  strength  property,  and  M/N  (for  M « N), 
and  can  be  correlated  approximately  with  a simplified 
mechanics  model  (see  Appendix  C).  For  long  tubes  with 
butt  seams,  the  static  margin  against  bursting  can  be 
lower  than  the  column  buckling  margin  (see  Section  IV  and 
Appendix  D).  Simplified  mechanics  models  can  be  used  to 
establish  an  equivalent  hydrostatic  proof  test,  in  terms 
of  design  burst  load,  for  tubes  with  butt  seams  (see 
Appendices  C and  L).  However,  the  scatter  in  burst  loads 
for  production  articles  needs  to  be  determined  to  make  a 
final  assessment  of  whether  tubes  with  butt  seams  can  be 
designed  to  acceptable  levels  of  reliability. 

6)  For  antenna  feed-truss  structures,  the  most  critical 
static  margins  may  be  determined  by  antenna  deployment  if 
the  deployment  torque  is  sufficiently  high  and  the  truss 
first-torsion  frequency  is  sufficiently  low.  In  the 
present  case,  adequate  margins  were  obtained  by  addition 
of  doublers  at  joints.  In  other  cases,  nonlinear  dynamic 
analysis  may  be  required  to  obtain  better  estimates  of 
dynamic  load  factors  associated  with  deployment  (see 
Appendices  D and  J). 
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7)  Linear  estimates  of  fatigue  damage  at  critical  joints 
indicate  that  damage  accumulation  during  launch  is 
insignificant  in  comparison  with  residual  strength 
degradation  due  to  thermal  cycles  in  orbit  (see 
Appendices  C and  D).  However,  combined  mechanical 

and  thermal  fatigue  must  be  considered  for  large  space 
structures  assembled  in  orbit  and  designed  to  attitude- 
control  loads  (see  Section  VII)! 

8)  Component  proof  load  levels  can  be  optimized  with  respect 
to  expected  cost  criteria.  Optimal  levels  for  a feed 
truss  are  consistent  with  launch  reliability  requirements, 
and  are  below  levels  at  which  the  proof  test  might  cause 
damage  (see  Section  VI  and  Appendix  L).  However,  opti- 
mum expected  cost  may  have  to  be  sacrified  to  obtain 

test  benignity  for  large  space  structures. 

9)  Tube  fabrication  procedures  require  additional  develop- 
ment and  evaluation  before  reliable  production  can  be 
achieved.  Further  investigation  is  warranted  for  both 
the  inner  Teflon  and  outer  steel  mandrel  methods  (see 
Appendix  K). 

10)  The  full-scale  qualification  tests  recommended  for  hard- 
ware such  as  the  antenna  feed  truss  cannot  be  applied  to 
large  space  structures,  e.g.,  orbiting  active  phased- 
array  radars.  In  such  cases,  the  structure  must  be 
qualified  by  design  verification  tests  (see  Section  VII). 

11)  The  results  of  the  communications  satellite  antenna 
feed-truss  design  study  indicate  that  the  Tripod-B  design 
is  superior  to  the  ATS/3-Ring  design  in  terms  of  struc- 
tural performance,  thermal  deformational  stability, 
weight,  and  cost. 
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RECOMMENDATIONS 


1)  An  integrated  laboratory  test  program  is  recommended  for 
improvement  of  tube  fabrication  technology  to  support 
potential  applications  of  composites  to  space  structures. 

The  laboratory  program  should  address: 

a)  Refinement  of  layup  and  curing  procedures  using 
both  inner  and  outer  mandrels. 

b)  Preimpregnated  material  versus  wet-layup  fila- 
ment-winding for  90°  plies  under  and  over  dry- 
layup  preimpregnated  axial  plies. 

c)  Larger  tube  diameters  and  thicker  walls. 

d)  Correlation  of  axial  burst  load  with  hydrostatic 
burst  load  for  tubes  with  butt  seams  in  90°  plies. 

e)  Improved  test  methods  for  interlaminar  strength 
properties. 

f)  Resistance  to  cyclic  thermal  fatigue  and  mechanical 
fatigue,  in  terms  of  residual  strength  degradation. 

g)  Validity  of  accelerated  cyclic  thermal  testing  by 
comparison  with  NASA/LDEF  experiments  and  long- 
term ground  tests. 

2)  It  is  recommended  that  future  design  studies  in  support  of 
composites  applications  to  Air  Force  space  programs  be 
directed  toward  large  space  structures,  where  the 
potential  payoff  is  sufficiently  attractive  to  make  the 

work  worthwhile.  Such  design  studies  should  be  structured  to: 

a)  Develop  design  requirements  based  on  integrated 
systems  analysis,  e.g.,  combining  the  disciplines 
of  structural  mechanics  and  electrodynamics  to 
determine  realistic  control  loads  for  structures 
such  as  an  active  radar  in  space. 

b)  Investigate  experimentally  (by  design  develop- 
ment tests)  and  analytically  the  behavior  of 
bonded  composite/metal  end-attachments. 
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2)  (Continued) 

c)  Work  toward  fabrication  and  "qualification" 
of  a design  verification  test  article  in 
which  high  load  transfer  between  tubes 
joined  at  angles  can  be  investigated  analy- 
tically and  experimentally,  and  which  can  be 
used  as  a vehicle  to  expose  unidentified 
problems  in  design  and  qualification  testing. 


APPENDIX  A 


INVESTIGATION  OF  ANGLE-PLY  DELAMINATION  COUPON 
AS  AN  INTERLAMINAR  STRENGTH  TEST 

1 . GENERAL 

Interlaminar  strength  has  long  been  recognized  as  an  important 
property  for  composite  laminates  subjected  to  bending.  Analyses  and 
experiments  have  demonstrated  the  existence  of  interlaminar  stresses  in 
composites  subjected  to  in-plane  loading  (e.g.,  the  angle-ply  analysis 
by  Puppo  and  Evensen  [34};  the  edge-zone  analysis  by  Pipes  and  Pagano  [35]; 
and  fatigue  experiments  reported  by  Grossman  [36]) . One  can  also  show,  by 
means  of  simplified  engineering  analyses,  that  interlaminar  stresses  must 
be  considered  in  the  design  of  large  composite  space  structures  (e.g.,  at 
the  entrance  of  a composite  tube  into  a metal  fitting).  Analysis  of  this 
last  type  has  been  reported  by  Burns  and  Toland  [3  ].  Hence,  inter- 
laminar strength  properties  must  be  determined  to  provide  design  infor- 
mation, and  although  shear  appears  to  be  the  dominant  interlaminar  stress 
component  in  most  cases,  there  may  be  some  design  situations  in  which 
interlaminar  tension  must  be  accounted  ■'or. 

Various  inexpensive  strength  tests  have  been  proposed  for  these 
interlaminar  properties.  The  most  frequently  used  tests  for  interlaminar 
shear  strength  are  the  notched  tension  coupon  (ASTM  D2733-70),  and  the 
short  beam  shear  test  (ASTM  D2344-76),  illustrated  in  Figure  A-l . Both 
have  been  criticized  for  having  stress  fields  too  nonuniform  to  provide 
accurate  strength  measurements.  The  more  expensive  tube  torsion  test 
has  also  been  used,  but  recent  work  indicates  that  data  with  equivalent 
accuracy  can  be  obtained  from  tension  tests  of  [^45°]^  flat  coupons  [37]. 
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(A)  NOTCHED  TENSION  COUPON  (ASTM  D2733) 
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(B)  SHORT  BEAM  SHEAR  TEST  (ASTM  D2344 ) 


Figure  A-l.  Standard  Tests  for  Interlaminar  Shear  Strength 

In  the  case  of  interlaminar  tensile  strength,  some  organiza- 
tions have  relied  upon  the  so-called  "flatwise  tension  test"  (Figure  A-2, 
Part  A),  which  to  the  present  authors'  knowledge  is  not  documented  by  a 
specification  standard.  It  is  well  known  that  the  flatwise  tension  speci- 
men has  high  interlaminar  stress  peaks  along  its  edges  and  at  its  corners. 
Recent  studies  by  Sandhu  [38]  indicate  that  these  peaks  can  be  reduced  by 
chamfering  the  adherends  and  filling  in  the  gaps  with  extra  resin  (Figure 
A-2,  Part  B).  An  alternate  method  for  measuring  interlaminar  tensile 
strength  might  be  available  in  the  delimation  coupon  specimen,  first 
proposed  by  Pagano  and  Pipes  [11]. 

This  appendix  present'  the  results  of  an  investigation  of  the 
delamination  coupon  for  this  purpose.  The  configuration  of  the  specimen 
and  related  analyses  are  first  reviewed  briefly.  The  results  of  an  experi- 
mental investigation  are  then  presented  and  analyzed.  Finally,  some 
comments  are  offered  regarding  the  applicability  of  delamination  coupons 
to  interlaminar  strength  testing. 


(A)  ORIGINAL  CONFIGURATION  BY  SANDHU 


Figure  A-2.  Flatwise  Tension  Specimen 


» ■ 
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2.  THE  UELAMINATION  COUPON 

, The  configuration  of  the  delamination  coupon  is  illustrated  in. 

Figure  A-3.  Here  and  subsequently,  the  xy  plane  shall  denote  the  laminate 
midplane,  with  the  x-axis  (0°)  parallel  to  the  applied  in-plane  tension 
loading,  while  the  z-axis  is  perpendicular  to  the  midplane.  The  laminate 
is  symmetrical  about  the  midplane,  consisting  of  a total  thickness,  2h, 
with  thicknesses  2h1  of  angle  plies  +G  on  the  outsides  and  2h^  of  90°  plies 


Analysis  of  a [0°/90°]s  laminate  subjected  to  uniform  axial 
extension  reported  by  Pipes  [39]  and  Pagano  [40 ] demonstrates  the  exis- 
tence of  interlaminar  tension,  az,  at  the  midplane,  distributed  as  shown 
in  Figure  A-4,  Part  A.  Heuristic  arguments  for  a similar  stress  distri- 
bution in  the  delamination  coupon  can  be  made.  Pagano  and  Pipes  [11] 
approximate  this  distribution  by  assuming  the  general  form  shown  in 
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Figure  A-4,  Part  B;  the  distribution  amplitude  (peak  interlaminar  tension, 
o™ax)  can  then  be  determined  from: 

(1)  (2)  (1)  (2) 

(v  - v ) Q Q n 

amax/e  = A xy  xy  vyy  wyy  A ] 

2 X 0)  (2) 

('  *n)  <Qyyn+Qyy) 

where  e is  the  applied  axial  strain;  v and  Q are,  respectively,  the 
x xy  yy 

ply  Poisson's  ratio  and  transverse  plane-stress  stiffness  coefficient; 
with  superscripts  (1)  and  (2)  referring  to  the  angle  plies  and  the  90° 
plies,  n = h-j/h^;  and  A is  a constant. 


Equation  A-l  results  ftom  an  engineering  analysis  in  which  an 
equation  is  written  for  equilibrium  of  moments  due  to  the  stress  distri- 
butions acting  on  a free  body  isolated  from  the  laminate.  It  is  easy  to 
show  that  only  the  constant,  A,  is  influenced  by  the  choice  of  approxi- 
mation for  the  distribution  of  az«  For  example,  the  value  A = 45/28  is 
obtained  for  the  assumed  distribution  in  Figure  A-4,  Part  B.  The  appro- 
ximation shown  in  Figure  A-4,  Part  C,  for  which  A = 1,  has  also  been 
considered  in  the  present  investigation. 

Since  the  objective  is  to  maximize  the  ratio  azax/ex  in  order 

to  obtain  a delamination  failure  prior  to  other  effects,  it  is  apparent 

(2) 

that  the  interior  plies  should  be  at  90°  to  minimize  v'  . The  test 

xy 

specimen  may  now  be  designed,  according  to  Pagano  and  Pipes,  by  treating 
the  thickness  ratio,  n,  and  ply  angle,  0,  as  free  parameters.  Note  that 
and  are  both  functions  of  0.  Pagano  and  Pipes  consider  the 
free  parameters  individually,  first  maximizing  Eq.  A-l  with  respect  to  q. 
This  leads  to  the  expression: 


n 


(2)  (1)  1/2 

[q  /q  y' 
yy  yy 


A-2 
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from  which  the  relative  number  of  angle  plies  and  90°  plies  can  be  deter- 
mined after  the  value  of  0 has  been  established.  The  specimen  design  is 

then  completed  by  maximizing  with  respect  to  0. 

xy  xy 


ASSUMED  BY  PRESENT  AUTHORS 


Figure  A-4.  Midplane  Interlaminar  Normal  Stress  in  Edge  Zone 

In  their  original  experiments  [11],  Pagano  and  Pipes  fabricated 
specimens  from  HTS/ERLA  2256  graphite/epoxy  with  a fiber  volume  fraction 
of  approximately  0.6,  and  with  the  following  ply  properties: 

El  = 20  x 106  psi  (138  GPa) 

Et  = 1.3  x 106  psi  (8.95  GPa) 

Glt  = 0.8  x 106  psi  (5.51  GPa) 
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The  resulting  design  point  was  0 = 25°  and  n = 3.1,  the  latter  value  being 
rounded  to  4.0  for  practical  purposes.  The  test  specimens  were  then 
fabricated  as  [ (+_25 ) - 

In  the  present  investigation,  Hercules  Magnamite  AS/3501-6 
graphite/epoxy  was  used,  with  a fiber  volume  fraction  of  approximately 
0.62  and  with  the  following  ply  properties: 

El  = 20.9  x 103 * * 6  psi  (144  GPa)  [41] 

Et  = 1.41  x 106  psi  (9.71  GPa)  [42] 

Glt  = 0.65  x 106  psi  (4.48  GPa)  [4] 

vLT  = 0.21  [4] 

The  resulting  design  point  was  0 = 26°  and  n = 3.05  (rounded  to  4.0).  Two 
sets  of  test  specimens  were  fabricated: 

1)  [(±26)2/90]s  (following  the  original  suggestion  by 

Pagano  and  Pipes),  and 

2)  [+26/-262/+26/90]$ 

The  reason  for  including  the  letter  stacking  sequence  is  discussed  in  the 
following  section. 

3.  ADDITIONAL  ENGINEERING  ANALYSIS 

The  delamination  coupon  was  analyzed  further  to  evaluate  possible 

options  for  the  experiments.  Three-dimensional  free-body  equilibrium 
diagrams  were  constructed  following  the  two  dimensional  procedure 
established  by  Pagano  and  Pipes  [11,  43].  For  a finite-length  coupon, 
the  dependence  of  az  on  axial  position,  x,  as  well  as  location  in  the 
cross  section  plane,  yz,  must  be  considered.  The  diagram  for  a 
[(+0)2/9O]s  laminate  (Figure  A-5)  suggests  that  the  in-plane  shear-stress 
couples  on  longitudinal  section  ABCD  must  be  balanced  by  an  anticlastic 

az  distribution,  with  peaks  and  minima  at  the  specimen  corners.  The 
anticlastic  part  of  the  stress  field  should  decay  rapidly,  leaving  the 
Pagano-Pipes  edge-zone  distribution  a few  laminate  thicknesses  away  from 
the  coupon  end-tabs.  The  presence  of  anticlastic  az  peaks  appears  to 
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QUANTITY 
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Figure  A-5.  Free-Body  Diagram  Illustrating  Anticlastic 
Distribution  of  Interlaminar  Normal  Stress 
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have  been  confirmed  in  the  numerical  results  reported  by  Rybicki  [44]. 

The  presence  of  anticlastic  peaks  in  the  coupon  should  have  a significant 
influence  on  apparent  interlaminar  tensile  strength. 

The  alternate  stacking  sequence  [+0/-02/+0/9O]<-  was  considered 
as  a means  of  reducing  the  anticlastic  peaks.  The  three-dimensional 
free-body  diagram  for  this  sequence  suggests  that  the  difference  between 
the  peak  a value  and  the  (asymptotic)  uniform  value  along  the  free 
edge  may  be  about  one-half  the  difference  expected  in  the  [(+0)2/9O]s 
laminate.  Also,  the  analysis  suggests  that  the  peaks  might  not  be 
located  on  the  specimen  midplane  in  the  [+0/-02/+0/9O]<-  sequence.  Hence, 
the  alternate  layup  should  exhibit  higher  values  of  applied  load  (or 
applied  axial  strain,  ex)  at  initial  delamination,  provided  that  the 
initiation  of  failure  is  not  by  interlaminar  shear. 


Typical  through-thickness  distributions  for  interlaminar  stresses 
at  the  free  edge  are  indicated  qualitatively  in  Figure  A-6,  based  on 
estimates  taken  from  various  published  solutions.  The  shear  stress, 
txz,  attains  maxima  at  +0/-0  interfaces  [34,35]  where  the  free-body  diagrams 
result  in  unbalanced  in-plane  shear  stress.  These  maxima  can  be  of  the 
same  order  as  the  midplane  value  of  a (see  Figure  A-7).  However,  t 
must  vanish  at  the  midplane,  and  its  decay  from  the  nearest  maximum 
should  be  sufficiently  rapid  that  its  value  at  the  90/0  interface  will 
be  small.  The  shear  stress  t^z  is  known  to  attain  a maximum  at  the  90/0 
interface  in  [90/0]<~  and  [0/90],.  laminates,  and  the  maximum  value  is  of 
the  same  order  as  the  midplane  value  of  az  [39,45].  A similar  distribution 
for  TyZ  should  be  expected  in  the  delamination  coupon.  The  normal 
stress  az  attains  its  maximum  value  at  the  midplane  for  [0/90]^  and 
[90/0]s  laminates  [39,45],  and  must  follow  a similar  distribution  in  the 
delamination  coupon.  Furthermore,  a two-dimensional  free-body  diagram  for 
the  delamination  coupon  can  be  constructed  and  a moment  equilibrium 
equation  involving  and  az  can  be  written  to  show  that: 


o2(z) 

max 
a _ 


(z/h?)2 

1 (0  < | z | < h9) 

n + 1 ~ 2 
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Hence,  for  [ (+©) 2/^0]^  and  [+0/-02/+0/9O]<.  laminates,  the  value  of  oz  at 
the  90/0  interface  should  be  approximately  80  percent  of  the  midplane 
value.  In  a similar  manner. 


cr2(z) 

max 

a. 


[n  + 1 - (z/h?)]2 

(h?  £ | z | < h,  + h?) 

n(n  + 1)  2 12 
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The  foregoing  considerations  suggest  that  delamination  failure  might  occur 
away  from  the  midplane  due  to  combined-stress  effects,  rather  than  at  the 
midplane  due  to  az  alone. 


STRESS/^"10* 

(ryz  INSIDE  FREE  EDGE) 

Figure  A-6.  Qualitative  Distributions  for  Interlaminar  Stresses 


Some  additional  consideration  was  also  given  to  the  procedure 
for  maximizing  azax/ex  *-0  assure  failure  by  interlaminar  tension. 

Strictly  speaking,  this  expression  defines  as  a continuous  function 

of  the  two  independent  variables  0,n  and  maxima  should  therefore  be  sought 
from  the  behavior  of  the  partial  derivatives.  However,  because  such  an 
approach  involves  complicated  trigonometric  expressions  in  0 and  because 
only  integral  values  of  n are  of  practical  interest,  the  simple  expedient 
of  calculating  amax/e  as  a function  of  0 and  integral  n was  adopted. 

Z X 
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Figure  A-7.  Comparison  of  Interlaminar  Shear  and  Interlaminar  Tension 


Plots  of  these  results  for  several  values  of  n>  using  the  ply  properties 
of  AS/3501-6,  are  shown  in  Figure  A-8.  Surprisingly,  the  true  maxima  of 
crmax/e  tend  to  occur  for  angle  plies  +0  from  30°  to  40°,  instead  of 

Z X 

near  25°  as  originally  predicted.  In  spite  of  this  discovery,  it  was 
decided  to  pursue  the  experimental  program  with  the  original  specimen 
design,  +0  = 26°,  to  permit  comparison  with  the  previous  investigation. 
(It  should  be  noted  that  delamination  failures  were  obtained  previously 
[11],  and  that  o™ax/ex  need  not  be  an  absolute  maximum  to  obtain  such 
failures  in  any  case.) 
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Figure  A-8.  Asymptotic  Value  of  Interlaminar  Tension  at  Free 
Edge  as  a Function  of  Delamination  Coupon  Design 

4.  TEST  SPECIMEN  FABRICATION 


Two  plates,  approximately  5x17  inches  (12.7  x 43.2  cm)  were 
fabricated  from  AS/3501-5  material,  following  the  supplier's  recommenda- 
tions for  tooling,  layup  and  cure  cycle  [42].  The  plates  were  post- 
cured  for  one  hour  at  400°F  (205°C).  One  plate  was  fabricated  in  the 
primary  sequence  [(+26° )2/90°]s  and  the  second  was  fabricated  in  the 
alternate  sequence  [+26<7-26o2/+26o/90o]<.  • After  removal  from  the 
tooling,  discard  of  approximately  0.5  inch  (1.27  cm)  of  material  along 
each  edge,  and  rejection  of  isolated  areas  damaged  during  removal,  there 
remained  sufficient  material  for  eleven  test  coupons  1 x 5 inches  (2.54 
x 12.7  cm)  from  each  plate.  These  coupons  were  cut  to  size  using  a 
Neuber  type  1A1R  (C  = 50)  resinoid-bond  diamond  wheel  at  approximately 
2,000  RPM  together  with  a water  spray. 

Thickness  measurements  were  made  on  all  specimens  to  assess 
fabrication  quality.  These  measurements,  summarized  in  Table  A-l  , indi- 
cate acceptable  fabrication  quality,  since  the  nominal  thickness  for 
AS/3501-6  ten-ply  laminates  is  0.051  inch  (0.13  cm). 
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TABLE  A-l 


SUMMARY  OF  MEASURED  SPECIMEN  THICKNESSES* 


Statistic 

[+26o/-26°2/+26o/90°]s 

Eleven  Specimens 

Eleven  Specimens 

Smallest  Observed  Value 

0.0490 

0.0475 

Largest  Observed  Value 

0.0515 

0.0500 

Mean 

0.0497 

0.0486 

Standard  Deviation 

0.00098 

0.00073 

*Measurements  given  in  units  of  inches. 

However,  some  concern  about  the  quality  of  the  specimens  still 
remained  because  a slight  bow  in  both  plates  was  observed  after  edge 
discard  but  before  cutting  into  coupons.  The  cause  of  the  bow  was  deter- 
mined to  have  been  sticking  of  the  rubber  dams  on  the  aluminum  tool  plate 
during  the  cooling  portion  of  the  cure  cycle.  Hence,  although  the  indivi- 
dual coupons  were  not  visibly  bowed,  it  was  decided  to  perform  an  addi- 
tional quality  control  check  by  taking  some  of  the  specimens  to  ultimate 
load  after  measuring  the  delamination  load.  These  results  reconfirmed 
the  quality  of  the  test  specimens.  The  details  are  presented  and  dis- 
cussed subsequently. 

Final  preparation  of  the  coupons  consisted  of  bonding  1 x 1 inch 
grip  tabs  of  0.125  inch  (0.318  cm)  thick  611  glass/epoxy  to  both  ends, 
leaving  a 1 x 3 inch  (2.54  x 7.62  cm)  gage  section.  The  coupons  were 
tested  individually  by  inserting  them  in  self-aligning  Templin  grips  in 
a BLH  SR-4  mechanical-drive  testing  machine,  which  was  run  at  a crosshead 
rate  of  approximately  0.005  inch/min.  (0.0127  cm/min).  The  tests  were 
conducted  at  room  temperature  and  humidity,  after  the  specimens  had 
experienced  approximately  two  weeks  of  shelf  storage. 
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5.  EXPERIMENTAL  RESULTS 

At  first  it  was  thought  that  some  sophisticated  means  of 
signaling  the  onset  of  delamination  might  be  needed  to  permit  accurate 
measurement  of  the  delamination  load.  However,  experimentation  with 
one  test  coupon  demonstrated  that  delamination  of  the  entire  edge  could 
be  clearly  observed  visually,  and  that  the  entire  event  corresponded  to 
about  a 50-lb.  (222  N)  increment  on  the  load-indicator  dial  of  the 
testing  machine. 

Since  the  total  loads  at  delamination  were  in  the  range  of 
1,000  to  2,000  lb.  (4,448  to  8,896  N),  all  subsequent  test  measurements 
were  made  simply  by  observing  both  specimen  edges  visually  and  recording 
the  measured  load  when  a delamination  appeared.  The  results,  summarized 
in  Table  A-2,  suggest  distinct  behavior  for  the  two  stacking  sequences. 
This  point  is  elaborated  upon  in  Section  A. 7. 


TABLE  A-2 


SUMMARY  OF  LOADS*  MEASURED  AT  ONSET  OF  DELAMINATION 


To  obtain  an  additional  assessment  of  specimen  quality,  five 
specimens  from  each  stacking  sequence  were  loaded  to  complete  failure 
immediately  after  the  delamination  load  was  measured.  The  results  of 
these  measurements  are  summarized  in  Table  A-3,  and  are  compared  with 
a simple  strength  prediction  in  Section  A. 6. 


TABLE  A-3 

SUMMARY  OF  MEASURED  ULTIMATE  LOADS* 


Statistic 


Smallest  Observed  Value 


Largest  Observed  Value 


Mean 


Standard  Deviation 

256 

392 

*Measurements  given  in  units  of  lb^  (1  lbf 

= 4.448  N) 

Visual  and  auditory  observations  during  the  tests  tended  to 
support  the  idea  of  initial  failure  due  to  delamination,  followed  by 
resin  failure  in  the  90°  plies  and  fiber-dominated  failure  in  those 
coupons  which  were  taken  to  ultimate  load.  Little  or  no  acoustic  activity 
was  observed  prior  to  delamination,  there  being  at  most  a few  clicks  at 
loads  a few  hundred  pounds  below  the  delamination  load. 

The  ease  with  which  the  delamination  could  be  observed  has 
already  been  noted.  Subsequent  examination  under  a 30X  optical  micro- 
scope of  those  specimens  which  had  been  unloaded  immediately  after  delam- 
ination showed  that  most  of  the  delamination  tends  to  occur  at  the  inter- 
face between  a 90°  ply  and  the  adjacent  angle  ply,  rather  than  at  the 
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midplane  interface.  This  observation  appeared  to  be  independent  of 
stacking  sequence.  Typical  delaminations  in  both  layups  are  illustrated 
in  Figure  A-9,  in  which  the  26°/90°  and  +26°/-26°  interfaces  can  readily 
be  identified  by  the  different  reflection  properties  of  the  various  ply 
orientations  under  the  side-lighting  used.  Similar  results  were  appar- 
ently obtained  recently  by  Rybicki,  et  al . [46]  in  experiments  with 
[(+30)2/902]s  boron/epoxy  laminates. 

For  those  specimens  which  were  continued  to  ultimate  load, 
increased  acoustic  activity  was  noted  as  final  failure  was  approached. 

The  final  failures  tended  to  be  straight  across  (parallel  to  the  y axis) 
at  about  mid-gage-section,  with  occasional  evidence  of  local  pullout  near 
the  edges.  A typical  example  is  shown  in  Figure  A-10. 


Figure  A-9.  Edge  Views  of  Typical  Delaminations 
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(B)  Stacking  sequence  of  [+26/-262/+26/90]s 
Figure  A-9.  (concluded) 
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• 1 1 1 1 1 1 1 1 1 

Figure  A- 1 0 . Typical  Fiber  Failure  at 
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6.  FINAL  ASSESSMENT  OF  SPECIMEN  QUALITY 

A second  assessment  of  specimen  quality  was  made  by  comparing 
the  measured  ultimate  loads  with  a nominal  load  predicted  from  the 
strength  theory  proposed  by  Hoffman  [29]: 


o-j  ” ^1^2 

FC1FT1 

i_  T12  . 


FC2FT2 


FC1  ~ fti 
fcifti 


a i + 


FC2  ~ FT2 
FC2FT2 


A-5 


SI  2 


where  axes  1,  2 are  in  a plane  parallel  to  the  xy  plane,  with  axis  1 
parallel  to  and  axis  2 perpendicular  to  the  fibers,  and  where  the 
quantities  denoted  by  F represent  the  tensile,  compressive  and  shear 
strengths  of  a ply.  The  appropriate  values  for  AS/3501-6  are  [41,42]: 

FC1  = FT1  = 280  ksi  H.930  MPa) 

Fc2  = 25  ksi  (172  MPa) 

FJ2  =8.5  ksi  (58.5  MPa) 

F$12  = 20.2  ksi  (139  MPa) 

Equation  A-5  was  applied  ih  the  present  case  by  neglecting  the 
90°  plies,  which  were  assumed  to  have  failed  by  resin  cracking  and  to 
have  unloaded  prior  to  ultimate  load.  Stress  components  , a2,  a^2  for 
a typical  angle  ply  were  then  obtained  by  assuming  compatibility  between 
angle  plies  to  still  be  in  effect,  and  by  using  lamination  theory  and 
the  conditions: 

0x  * 0 °y  ■ 0 exy  ■ 0 A-6 
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The  last  of  Eq.  A-6  was  used  to  determine  the  in-plane  shear  stress,  x , 

xy 

for  the  typical  ply.  Substitution  of  these  results  (after  applying  a 
Mohr  circle  transformation)  into  Eq.  A-5  then  leads  to  a solution  for  the 
predicted  axial  stress,  ox,  and  the  predicted  failure  load  is  obtained 
by  multiplying  this  value  by  the  nominal  cross  section  area  of  the  eight 
+26°  plies.  The  result  of  these  calculations  was  5,016  lb.  (22.3  kN). 
Comparison  with  Table  A-3  shows  that  the  measured  mean  ultimate  loads  are 
about  23  percent  below  the  predicted  load.  This  is  considered  to  be  a 
confirmation  of  specimen  quality,  in  view  of  the  fact  that  the  test 
specimens  were  fully  delaminated  (and  hence  both  damaged  and  unbalanced) 
prior  to  final  failure,  while  the  theoretical  prediction  assumes  a 
balanced,  undamaged  specimen. 

7.  STATISTICAL  ANALYSIS  OF  DELAMINATION  FAILURES 

Although  the  visual  observations  tend  to  support  the  hypothesis 
that  failure  in  both  layups  is  initiated  by  delamination,  the  tendency 
of  the  delamination  to  jog  through  the  90°  plies  (Figure  A-9),  suggests 
that  first-ply  failure  might  be  the  actual  initiator.  Therefore,  strains 
at  delamination  were  calculated  for  comparison  with  the  AS/3501-6  first- 

O 

ply  failure  strain,  the  latter  property  being  taken  as  0.63  x 10"  [42]. 

The  "observed"  strains  were  calculated  from  the  measured  delamination 
loads  (Table  A-2),  average  measured  laminate  thickness  and  the  following 
plane  stress  stiffness  coefficients  obtained  by  applying  lamination 
theory  to  the  material  properties  previously  given  for  AS/3501-6: 

Q = 11.74  x 106  psi  (81.0  GPa) 

XA 

Qyy  = 6.00  x 106  psi  (41.3  GPa) 

G = 2.74  x 106  psi  (18.9  GPa) 
xy 

The  results,  summarized  in  Table  A-4,  suggest  that  delaminations  actually 
did  occur  prior  to  first-ply  failure. 
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TABLE  A-4 


SUMMARY  OF  CALCULATED  STRAIN  (ej 
AT  DELAMINATION 


Statistic 

[(+26o)2/90°]s 

[+26o/-26°2/+26o/90°]s 

Eleven  Specimens 

Eleven  Specimens 

Mean 

0.304  x 10"2 

0.388  x 10"2 

Standard  Deviation 

0.0232  x 10"2 

0.0214  x 10"2 

Some  approximate  physical  arguments  were  made  previously  to 
explain  why  the  delamination  load  for  the  [+26°/-26o2/+26o/90o]s  laminate 
might  be  higher  or  lower  than  for  the  [(+26°)2/90°]s  laminate.  In  fact, 
the  former  layup  appears  to  have  a consistently  higher  delamination  load 
than  the  latter  (Table  A-2),  but  it  remains  to  be  seen  whether  this 
observation  has  a physical  basis  or  is  merely  a fortuitous  result  of 
expected  random  fluctuations  of  the  observations. 

Statistical  decision  theory  can  be  brought  to  bear  upon  this 
question  by  recognizing  that  the  observed  mean  and  standard  deviation 
can  be  combined  to  form  a t-variate.  Specifically,  a one-sided  tolerance 
interval  of  the  form  [48] 


Pr  [pp  < P - 


SPtN-l  ;g  -I 

AT 


a 


A- 7 


can  be  placed  on  the  location  of  the  underlying  mean  delamination  load, 
Pp,  in  terms  of  one  set  of  N samples  giving  rise  to  observed  values  P and 
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Sp  for  the  mean  and  standard  deviation,  respectively,  where  t^  is  the 
a percentile  of  Student's  t-distribution  with  N-l  degrees  of  freedom.  For 
example,  choosing  a = 0.01  and  with  N = 11  in  the  present  case,  t-jg.g  g-|  = 
2.764  is  obtained  from  standard  distribution  tables.  Substituting  this 
value,  together  with  F = 1,979  lb.  and  sp  = 109  lb.  from  Table  A-2  then 
places  the  following  tolerance  on  the  underlying  mean  delamination  load 
for  [+26o/-26°2/+26o/90°]s  laminates: 

Pr  [yp  < 1,888  lb.]  = 0.01  A-8 

In  the  light  of  Eq.  A-8  and  the  physical  arguments  previously  given,  the 
observation  F = 1,583  lb.  for  [(+26°)2/90°]<j  laminates  may  be  interpreted 
as  99-percent  confident  support  for  the  hypothesis  of  some  difference  in 
the  failure  modes,  such  as  the  postulated  difference  between  the  anti- 
clastic  oz  peaks  in  the  two  layups. 

It  is  also  interesting  to  assess  the  accuracy  of  the  approxi- 
mate stress  distribution  models  (Figure  A-4,  Parts  B and  C)  as  estimators 
of  the  interlaminar  tensile  strength  property.  For  example,  since 
observed  data  are  available  for  delamination  strain,  ex,  an  assessment 
can  be  made  by  predicting  e from  Eq.  A-l  based  on  the  assumption  that 

mav  ^ 

°z  = FT2  at  fai^ure  initiation.  Acceptable  accuracy  would  be  demon- 
strated if  the  predictions  of  both  models  were  consistently  biased 
with  respect  to  the  observations.  Unfortunately,  the  results  indicate 
that  predictions  are  extremely  sensitive  to  the  details  of  models  of  the 
type  shown  in  Figure  A-4.  The  observed  strains  of  0.304  x 10  and  0.388 
x 10’^  (Table  A-4)  are  bracketed  by  the  predictions  0.285  x 10'^  for  the 

O 

distribution  shown  in  Figure  A-4  (Part  B)  and  0.485  x 10  for  the  distri- 
bution shown  in  Figure  A-4  (Part  C).  Furthermore,  it  is  apparent  that 
both  predictions  lie  well  outside  the  99-percent  confidence  intervals 
which  can  be  established  for  either  layup. 
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8. 


DISCUSSION  AND  CONCLUSIONS 


The  stacking  sequence  [ (^0 ) 2/90° ]s  has  a lower  delamination 
load  than  the  sequence  [+0/-02/+O/9O°]^.  It  appears  that  this  effect 
occurs  because  the  latter  configuration  is  less  subject  to  anti  clastic 
corner  peaks  in  the  distribution  of  interlaminar  tension.  It  then 
follows  that  the  [+0/-02/+©/9O°]s  stacking  sequence  is  more  desirable 
for  investigating  delamination  phenomena. 


However,  it  is  apparent  that  the  currently  accepted  procedure 
for  designing  a delamination  coupon,  in  terms  of  ply  angle  and  relative 
number  of  90°  and  angle  plies,  results  in  delamination  at  the  90°/angle 
interface  instead  of  the  desired  90°/90°  midplane  interface.  Further- 
more, the  failure  appears  to  be  caused  by  combined  interlaminar  tension 
and  interlaminar  shear,  rather  than  by  interlaminar  tension  alone.  The 
combined-stress  failure  mode  is  not  desirable  for  determining  material 
properties. 


Finally,  it  is  apparent  that  the  current  approximate  models 
for  the  distribution  of  interlaminar  tension  across  the  specimen  width 
(Figure  A-4,  Parts  B and  C)  are  inadequate  for  the  purpose  of  determining 
interlaminar  tensile  strength  with  acceptable  confidence,  even  if  a 
delamination  coupon  could  be  designed  to  fail  in  a nearly  pure  inter- 
laminar tension  mode.  Therefore,  it  will  be  worthwhile  to  pursue  a 
more  accurate  formulation  for  the  interlaminar  stress  fields  in  angle-ply 
delamination  coupons,  similar  to  the  elasticity  solutions  for  [0/90]s 
and  [90/0] ^ laminates. 


APPENDIX  B 


TREND  TESTS  FOR  INTERLAMINAR  SHEAR  STRENGTH 

1 . GENERAL 

The  interlaminar  shear  strength  of  composite  tubing  and  attachment 
bonds  has  been  identified  as  a key  property  for  resistance  to  fatigue 
damage.  Cyclic  thermal  fatigue  during  passage  through  earth  shadow  has  been 
established  as  the  potentially  most  damaging  source  of  fatigue  stresses  at 
joints  between  composite  tubing  and  metal  attachment  fittings  for  a 
communications  satellite  antenna-feed  truss  (see  Appendices  C,  D,  and  H). 
Some  preliminary  cyclic  thermal  fatigue  tests  of  composite/metal  joints  were 
conducted  as  a part  of  the  present  investigation  (Appendix  C). 

This  appendix  summarizes  the  results  of  a series  of  preliminary 
interlaminar  strength  tests  of  flat  laminates.  The  objective  was  to 
establish  strength  trends  as  a function  of  soft- insert  thickness,  test  tem- 
perature, and  cyclic  thermal  fatigue.  The  rationale  for  inserting  soft 
layers  of  material  between  graphite/epoxy  plies  in  a composite  tube  is  to 
increase  the  resistance  of  the  tube  to  local  crippling  due  to  compression 
and/or  torsion.  In  a [90°/0°N/90°]  tube,  the  local  crippling  strength  is 
determined  primarily  by  the  separation  between  the  90°  plies.  As  shown 
schematically  in  Figure  B-l,  increasing  the  separation  by  inserting  soft 
layers  should  increase  the  crippling  strength  by  effectively  increasing 
the  circumferential  bending  rigidity  of  the  wall.  However,  if  inserts  are 
to  be  considered  as  a design  option,  their  effects  on  interlaminar  shear 
strength  must  be  assessed  to  determine  the  potential  penalty  to  fatigue 
resistance. 


(A)  TYPICAL  CRIPPLING  FAILURE  (B)  CIRCUMFERENTIAL  BENDING 

BY  LOCAL  CIRCUMFERENTIAL  RIGIDITY  IS  PROPORTIONAL  *TO  t2 

BENDING 

Figure  B-l.  Local  Crippling  Failure 

2.  TEST  SPECIMEN  FABRICATION 

Laminates  of  Hercules  AS/3501-6  graphite/epoxy  with  and  without 
inserts  were  fabricated  by  hand  layup  on  0.5-inch  thick  aluminum  tooling 
plates,  following  procedures  recommended  by  the  material  supplier  for 
damming,  bagging,  and  curing  cycle  [42].  Mylar  and  extra  resin  were  con- 
sidered as  insert  candidates  after  initial  screening  of  several  materials. 

The  latter  option  was  discarded  after  preliminary  experiments  indicated 
that  insert  thickness  would  be  difficult  to  control  because  of  resin 
bleeding  during  cure. 


The  insert  choices  finally  adopted  were  a smooth-surface,  0.001- 
inch  thick  Mylar  (Ml)  and  a rough-surface,  0.003-inch  thick  Mylar  (M3).  In 
both  cases,  the  insert  material  was  perforated  with  a hand  tool  (Figure  B-2) 
to  permit  proper  resin  bleeding  from  the  interior  graphite/epoxy  plies. 
Laminates  of  [0°26],  [0°12/M1/0o/M1/0o/M1/0°12]  and  [0°-,  z/m/Q° /m/Q° /m/Q° ^ 2] 
construction  were  fabricated  as  5 x 17-inch  plates,  from  which  approximately 
0.5  inch  of  material  along  each  edge  was  discarded  to  avoid  areas  of  excess 
resin  buildup  near  the  tooling  dams. 


Figure  B-2.  Hand  Tool  used  to  Perforate  Mylar  Inserts 

Test  specimens  approximately  0.8  inch  long  and  of  varying  widths 
were  cut  from  the  laminates  using  a Neuber  type  1A1R  (C  = 50)  resinoid-bond 
diamond  wheel  at  approximately  2,000  RPM,  together  with  a water  spray.  Most 
of  the  specimens  with  M3  inserts  were  observed  to  have  debonded  at  the 
insert  after  cutting.  Hence,  the  strength  test  program  was  restricted  to  the 
[0°26]  nominal  specimens  and  the  specimens  with  Ml  inserts.  (Since  no  initial 
debonding  was  observed  in  the  latter  two  laminates,  the  M3  insert  debonds 
were  attributed  to  an  undetermined  fault  in  either  the  layup  procedure  or 
the  curing  cycle.) 
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3. 


EXPERIMENTAL  PROCEDURE  AND  TEST  MATRIX 


Interlaminar  shear  strength  data  were  obtained  using  ASTM 
procedure  D-2344  for  short  beam  shear  tests  [10].  The  short  beam  shear 
test  specimen  rests  on  two  tool-steel  dowel  pins,  and  a mid-span  load  is 
applied  through  a third  pin  (Figure  B-3)  at  a crosshead  rate  of  0.05  in/min. 
The  dimensions  given  in  the  figure  refer  to  actual  test  conditions. 

The  interlaminar  shear  strength  of  a test  specimen  is  evaluated 

from: 


e _ 0.75P 
s ‘ bd 


B-l 


where  P is  the  failure  load  and  b,d  are  the  specimen  width  and  thickness, 
as  defined  in  Figure  B-3.  Equation  B-l  does  not  account  for  stress 
concentration  effects  near  the  dowel  pins,  and  hence  does  not  give  an 
accurate  estimate  of  the  true  interlaminar  strength.  However,  the  nominal 
strength  value  can  be  used  to  assess  strength  trends  for  test  specimens  of 
similar  construction. 


-I.L 


R- 


DIM 

MIN 

MAX 

b 

0.107 

0.201 

d 

0.117 

0.136 

/ = 0.5 


ALL  DIMENSIONS  IN 
UNITS  OF  INCHES 


Figure  B-3.  Short-Beam  Shear  Test 
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Static  strength  tests  were  conducted  at  room  temperature,  75°F 


(20°C),  liquid  nitrogen  temperature,  -321°F  (-196°C),  and  boiling  water 
temperature,  212°F  (100°C).  The  latter  two  conditions  were  obtained  by 
immersing  the  test  fixture  and  specimen  in  LN2  or  boiling  water  and  soaking 
for  a few  minutes  to  reach  thermal  equilibrium.  In  addition,  some  specimens 
were  subjected  to  cyclic  thermal  fatigue  between  LN^  temperature  and  212+10°F, 
and  then  subjected  to  residual  static  strength  tests  at  room  temperature. 

The  low- temperature  soak  was  performed  by  immersion  in  LNg.  The  high- tempera- 
ture soak  was  performed  either  by  immersion  in  boiling  water,  or  by  infrared 
( IR)  radiative  heating  of  the  specimens  to  212+10°F,  using  the  automated 
apparatus  described  in  Appendix  C.  The  liquid  soak  time  was  established  at 
approximately  40  sec  by  immersing  a bag  of  test  specimens  in  LN2  and  noting 
the  time  required  for  rapid  boiling  to  cease.  The  IR  radiation  soak  time  was 
established  by  monitoring  an  iron-constantan  thermocouple  placed  in  the  test 
specimen  bag,  with  the  bag  positioned  mechanically  in  the  IR  chamber.  Table 
B-l  summarizes  the  test  matrix. 
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Residual  static  at  75°F 
after  number  of  cycles 
between  -321 °F  and 
212+10°F  indicated: 


10  I 7 I 10 


1 


i 


4.  EXPERIMENTAL  RESULTS  FOR  STATIC  STRENGTH 

Different  failure  inodes  were  observed  for  the  laminates  with  and 
without  Mylar  inserts.  The  [0°2g]  laminates  uniformly  exhibited  monotonic 
loading  to  failure  in  shear  at  the  specimen  midplane,  as  shown  schematically 
in  Figure  B-4A.  However,  the  laminates  with  inserts  experienced  two  peak 
loads,  as  shown  in  Part  B,  when  tested  at  LN^  temperature  and  room 
temperature.  The  first  (lower)  peak  appeared  to  be  associated  with  shear 
failure  along  a Mylar/resin  interface  near  the  specimen  midplane.  The 
second  (higher)  peak  appeared  to  be  associated  with  simultaneous  inter- 
laminar shear  failures  along  the  1/4  and  3/4-planes.  A photograph  of  a 
typical  failure  of  the  laminate  with  inserts  is  shown  in  Figure  B-5.  In 
a third  series  of  tests  at  boiling  water  temperature,  the  failure  mode  was 
similar  to  that  for  the  [0°26]  laminates  at  lower  temperatures. 


Figure  B-5.  Typical  [0°12/M1/0o/M1/0o/M1/0°12]  Laminate  Failure 
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Figure  B-4.  Schematic  Illustrations  of  Failure  Modes 


The  mean  static  strength  estimates  are  compared  in  Figure  B-6. 
For  each  test  condition,  95-percent  confidence  limits  on  the  mean  shear 
strength  were  obtained  by  treating  (7  - as)/as  as  a t- variate  [48]: 


s - 


Vn  - 


1;  0.025 


/IT 


1US±S 


°stN 


r 


0.025 


/ N 


C = 0.95  B-2 


where  s,  a , are  the  observed  mean  and  standard  deviation;  p is  the  under- 
lying  mean;  and  N is  the  sample  size.  It  is  apparent  from  these  results 
that  the  presence  of  a Mylar  spacing  layer  in  the  laminate  degrades  the 
initial  interlaminar  shear  strength  by  more  than  50  percent  at  LN^  tempera- 
ture, and  by  about  40  percent  at  room  temperature. 


Although  not  of  interest  as  design  allowables,  the  second-peak 
shear  strength  values  have  been  computed  in  accordance  with  Eq.  B-l.  The 
rationale  for  using  Eq.  B-l  in  this  case  is  to  treat  the  specimen  as  two 
separate  beams  resting  one  upon  the  other,  after  initial  failure  at  the 
midplane.  Hence,  each  beam  is  assumed  to  have  a depth  d/2  and  to  bear  a 
load  P/2  at  the  second  peak.  Details  of  the  experimental  data  are  presented 
in  Tables  B-2  through  B-6. 
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OBSERVED  MEAN  +95% 


Figure  B-6.  Comparison  of  Mean  Static  Strength  Estimates 


TABLE  B-2 


SHORT  BEAM  SHEAR  TEST  DATA  FOR  [0°2g]  LAMINATE 


TEST  CONDITIONS:  Virgin  static  strength  at  -321°F 


Specimen 

Number 

mmtrsm 

Computed 
Shear  Stress, 
s ( ks  i ) j| 

1 

MEM 

858 

26.8 

2 

EH 

821 

26.5  j 

3 

0.1750 

0.1240 

776 

26.8  j 

4 

0.1660 

0.1280 

690 

24.4 

5 

0.1700 

0.1310 

740 

24.9  \ 

6 

0.1740 

0.1270 

761 

25.8 

7 

0.1850 

IXH 

896 

27.5 

i 8 

0.1630 

■SB 

712 

25.2 

9 

0.1680 

0.1250 

788 

28.1 

10 

0.1680 

0.1320 

788 

26.6 

Observed  Mean 


Observed  Standard  Deviation 


95%  Confidence  Limits  on  Mean 
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26.3 


1.18 


0.85 


TABLE  B-3 

SHORT  BEAM  SHEAR  TEST  DATA  FOR  [0°2g]  LAMINATE 


TEST  CONDITIONS:  Virgin  static  strength  at  75°F 


Specimen 

Number 

■Bill 

mmesm 

I 18  R 1 . 

wmmm 

1 

0.1770 

0.1310 

576 

18.6 

2 

0.1790 

0.1300 

550 

17.7 

3 

0.1740 

0.1300 

519 

17.2 

4 

0.1890 

0.1310 

559 

16.9 

5 

0.1710 

484 

16.5 

6 

E H 

H If* 

476 

16.1 

7 

m 

0.1300 

452 

15.7  | 

8 

0.1770 

0.1310 

494 

16.0 

9 

0.1810 

0.1290 

540 

17.4 

,0 

0.1820 

0.1300 

590 

18.7 

Observed  Mean 

17.1 

Observed  Standard  Deviation 

1.06 

95%  Confidence  Limits  on  Mean 

0.76 

. 

TABLE  B-4 

SHORT  BEAM  SHEAR  TEST  DATA  FOR 
[0o1o/Ml/0°/Ml/0o/Ml/0°1o]  LAMINATE 


TEST  CONDITIONS:  Virgin  static  strength  at  -321 °F 


>^_First  Peak 

Specimen  Width,  b Depth,  d Failure 
Number  (in)  (in)  Load,  P 


0.1470 

0.1630 

0.1500 

0.1560 

0.1530 

0.1690 

0.1580 

0.1570 

0.1520 

0.1630 


280 
340 
0.1290 
0.1340 
0.1340 
0.1350 
0.1340 
0.1330 
0.1280 
0.1360 


Second  Peak 


Failure 
Load,  P 
(lb) 

Computed 
Shear  Stress, 
s (ksi) 

180 

7.2 

328 

11.3 

182 

7.1 

261 

9.4 

241 

8.8 

258 

8.5 

212 

7.5 

248 

.8.9 

224 

8.6 

310 

10.5 

Failure 
Load,  P 
(lb) 

Computed 
Shear  Stress, 
s (ksi) 

470 

18.7 

540 

18.5 

405 

15.7 

426 

15.3 

534 

19.5 

574 

18.9 

508 

18.0 

391 

14.0 

395 

15.2 

500 

16.9 

Observed  Mean 

8.8 

Observed  Standard  Deviation 

1.20 

95%  Confidence  Limits  on  Mean 

0.86 

TABLE  B-5 

SHORT  BEAM  SHEAR  TEST  DATA  FOR 
[o°12/mi/o7mi/o7mi/o°12]  LAMINATE 


TABLE  B-6 


SHORT  BEAM  SHEAR  TEST  DATA  FOR 
[o012/mi/oo/mi/o°/mi/oo12]  laminate 


TEST  CONDITIONS:  Virgin  static  strength  at  2I2°F  (immersed  in  boiling  water) 


] First  Peak 

i Second  Peak 

Specimen 

Number 

Width,  b 
(in) 

Depth,  d 
(in) 

Failure 
Load,  P 
(lb) 

Computed 
Shear  Stress, 
s (ksi) 

Failure 
Load,  P 
(lb) 

Computed 
Shear  Stress, 
s (ksi) 

565 
550 
680 
670 
0.1610 
0.1460 
0.1605 
0.1630 


350 
300 
0.1340 
0.1350 
0.1355 
0.1340 
0.1350 
0.1305 


327 

11.6 

302 

11.2 

344 

11.5 

345 

11.5 

309 

10.6 

312 

12.0 

325 

11.3 

322 

11.4 

Observed  Mean 

11.4 

Observed  Standard  Deviation 

0.40 

95%  Confidence  Limits  on  Mean 

0.35 

5. 


EXPERIMENTAL  RESULTS  FOR  STRENGTH  DEGRADATION 


Details  of  the  experimental  results  for  residual  strength  after 
thermal  cycling  are  presented  in  Tables  B-7  through  B-16.  Equation  B-2  has 
been  used  again  to  establish  95-percent  confidence  limits  on  the  mean  shear 
strength  for  each  test  condition. 

The  mean  residual  strength  estimates  are  plotted  in  Figure  B-7, 
to  which  the  static  strengths  have  been  added  for  comparison.  Statistically 
acceptable  interpretations  of  these  data  are  that  the  [0°26]  laminate 
appears  to  experience  no  strength  degradation  after  1,000  thermal  cycles 
(to  95-percent  confidence),  but  that  the  Mylar/resin  interface  shear 
strength  in  the  [0°1 2/M1/0o/M1/0°/M1/0°1 laminate  does  appear  to  degrade 
slowly.  However,  no  clear  interpretation  of  the  second-peak  strength 
behavior  in  the  latter  laminate  can  be  made  from  the  data  in  the  figure. 
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Figure  B-7.  Plot  of  Mean  Residual  Strength  Estimates 


I 


TABLE  B-7 

SHORT  BEAM  SHEAR  TEST  DATA  FOR  [0°^]  LAMINATE 


TEST  CONDITI 

ONS:  10  cycles 

Immersion  in  LN2  to  immersion  in  boiling  water 

Residual  strength  test  at  75°F 

i-ai  lure 

Specimen 

Width,  b 

j Depth,  d 

Load,  P (lb) 

Number 

(in) 

(in) 

SSI 

1 ! 

0.1405 

0.1285 

406 

16.9 

2 

0.1615 

0.1275 

492 

17.9 

3 

0.1270 

0.1275 

352 

16.3 

4 

0.1380 

0.1290 

380 

16.0 

5 

0.1390 

0.1285 

380 

16.0 

6 

0.1800 

0.1305 

521 

16.6 

7 

0.1260 

0.1280 

339 

15.8 

Observed  Mean 

16.5 

Observed  Standard  Deviation 

0.73 

95%  Confidence  Limits  on  Mean 

0.68 
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TABLE  B-9 


SHORT  BEAM  SHEAR  TEST  DATA  FOR  [0|g]  LAMINATE 


TEST  CONDITIONS:  100  cycles 

Immersions  in  LN2  to  IR  Heating  (212  +10°F) 

Residual  Strength  Test  at  75°F 

Specimen 

Number 

Width 
b (in) 

Depth 
d (in) 

Failure 

Load 

P (lb) 

Computed 

Shear  Stress 
s (ksi) 

1 

0.1275 

WEM 

366 

16.7 

2 

0.1420 

■SSI 

384 

15.7 

3 

0.1645 

wEM 

493 

17.5 

4 

0.1350 

0.1205 

361 

16.6 

5 

0.1375 

0.1235 

357 

15.8 

6 

0.1345 

0.1260 

346 

15.3 

7 

0.1285 

0.1205 

340 

16.5 

8 

0.1310 

0.1270 

359 

16.2 

9 

0.1310 

0.1290 

349 

15.5 

Observed  Mean 

16.2 

Observed  Standard  Deviation 

0.70 

95%  Confidence 

Limits  on  Mean 

0.54 
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TABLE  B-lCl 

SHORT  BEAM  SHEAR  TEST  DATA  FOR  [O°oc]  LAMINATE 

db 


TEST  CONDITIONS:  500  cycles 

Immersion  in  LN2  to  IR  heating  (21 2+1 0°F) 

Residual  strength  test  at  75°F 

■ram 

■ram 

Computed 
Shear  Stress, 
s ( ks i ) * 

i 

0.1360 

mm 

391 

16.7 

2 

0.1340 

■3SS 

363 

16.7 

3 

0.1410 

mm 

391 

16.8 

4 

0.1360 

0.1175 

330 

15.5 

Observed  Mean 

16.4 

Observed  Standard  Deviation 

0.62 

95%  Confidence  Limits  on  Mean 

0.98 

TABLE  B-ll 

SHORT  BEAM  SHEAR  TEST  DATA  FOR  [0°26]  LAMINATE 


TEST  CONDITIONS:  1,000  cycles 


Immersion  in  LN2  to  IR  heating  (212+10°F) 
Residual  strength  test  at  75°F 


Specimen 

Number 

■nsH 

I91I 

■col 

Computed 
Shear  Stress , 
s ( ks i ) 

1 

mm 

0.1295 

466 

15.9 

2 

WEM 

0.1300 

481 

14.8 

3 

0.1365 

0.1290 

400 

17.0 

4 

0.1840 

0.1300 

557 

17.5 

5 

0.1635 

0.1310 

469 

16.4 

6 

0.1335 

0.1275 

376 

16.6 

7 

0.1345 

0.1285 

402 

17.5 

Observed  Mean 

16.5 

Observed  Standard  Deviation 

0.96 

95%  Confidence  Limits  on  Mean 


0.89 


TABLE  B-12 

SHORT  BEAM  SHEAR  TEST  DATA  FOR 
[0°  /Ml/07M1/07Ml/0°lo]  LAMINATE 


TEST  CONDITIONS:  10  cycles 

Immersion  in  LN2  to  immersion  in  boiling  water 
Residual  static  strength  test  at  75°F 


Number 


Width,  b 
(in) 

Depth,  d 
(in) 

0.1520 

0.1310 

0.1490 

0.1335 

1 H 

0.1320 

1 

0.1335 

0.1330 

0.1310 

0.1335 

0.1540 

0.1340 

0.1700 

0.1350 

0.1255 

0.1340 

0.1320 

0.1350 

First  Peak 


Observed  Mean 

10.7 

Observed  Standard  Deviation 

1.61 

95%  Confidence  Limits  on  Mean 

1.15 

Second  Peak 


Failure 
Load,  P 
(lb) 

Computed 
Shear  Stress, 
s (ksi) 

341 

12.8 

289 

11.2 

259 

10.9 

216 

9.3 

283 

12.0 

1 ab 

7.9 

285 

10.4 

269 

8.8 

271 

12.1 

283 

11.9 

Failure 
Load,  P 
(lb) 

Computed 
Shear  Stress, 
s (ksi) 

355 

mm 

350 

302 

m 

291 

12.5 

297 

12.6 

324 

13.9 

365 

13.3 

390 

12.8 

313 

14.0 

313 

13.2 

TABLE  B-13 

SHORT  BEAM  SHEAR  TEST  DATA  FOR 
[o012/mi/o°/mi/o7mi/o°12]  LAMINATE 


TEST  CONDITIONS:  50  cycles 

Immersion  in  LN2  to  immersion  in  boiling  water 
Residual  static  strength  test  at  75°F 


Specimen 

Number 

Width,  b 
(in) 

Depth,  d 
(in) 

* First  Peak 

1 Second  Peak 

Failure 
Load,  P 
Ob) 

Computed 
Shear  Stress, 
s (ksi) 

Failure 
Load,  P 
(lb) 

Computed 
Shear  Stress, 
s (ksi) 

1 

0.1285 

0.1285 

204 

9.3 

294 

13.4 

2 

0.1320 

0.1325 

339 

14.5 

3 

0.1300 

0.1290 

240 

10.7 

282 

12.6 

4 

0.1310 

0.1345 

177 

7.5 

313 

13.3 

5 

0.1285 

0.1330 

304 

13.3 

6 

0.1305 

0.1330 

301 

13.0 

7 

0.1570 

0.1335 

mm 

10.8 

387 

13.9 

8 

0.1580 

0.1275 

H9 

10.1 

340 

12.7 

9 

0.1520 

0.1350 

■I 

360 

13.2 

10 

0.1315 

0.1330 

mm 

313 

13.4 

Observed  Mean 

9.7 

13.3 

Observed 

Standard  Deviation 

1.36 

0.55 

95%  Confidence  Limits  on  Mean 

1.69 

0.39 

c 

r 
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TABLE  B- 15 

SHORT  BEAM  SHEAR  TEST  DATA  FOR 
[0°  /Ml/0°/Ml/0o/Ml/0o  ] LAMINATE 


TEST  CONDITIONS: 


500  cycles 

Immersion  in  LN2  to  IR  heating  (212£10°F) 
Residual  static  strength  test  at  75°F 


Number 


Width,  b 

Depth,  d 

(in) 

(in) 

First  Peak 


Second  Peak 


Computed 
lear  Stres 
s (ksi) 


0.1340 

0.1345 

0.1330 

0.1315 

0.1355 

0.1315 

0.1335 

0.1625 

0.1295 

0.1675 


345 
345 
0.1250 
0.1350 
0.1325 
0.1340 
0.1345 
0.1345 
0.1330 
0.1345 


Failure 
Load,  P 
(lb) 

Computed 
Shear  Stress, 
s (ksi) 

310 

12.9 

302 

12.5 

273 

12.3 

297 

12.5 

317 

13.2 

296 

12.6 

283 

11.8 

392 

13.5 

294 

12.8 

400 

13.3 

Observed  Mean 


Observed  Standard  Deviation 


95%  Confidence  Limits  on  Mean 


TABLE  B-16 

SHORT  BEAM  SHEAR  TEST  DATA  FOR 
[o012/mi/07mi/o0/mi/o012]  LAMINATE 


TEST  CONDITIONS:  1,000  cycles 

Immersion  in  LN2  to  IR  heating  (212+10°F) 
Residual  static  strength  test  at  75°F 


I First  Peak 

Specimen 

Width,  b 

Depth,  d 

Failure 

Computed 

Number 

(in) 

(in) 

Load,  P 
(lb) 

Shear  Stress, 
s (ksi) 

Second  Peak 

Failure 

Computed 

Load,  P 

Shear  Stress, 

(lb) 

s (ksi) 

0.1320 

0.1300 

0.1645 

0.1325 

0.1310 

0.1300 

0.1320 


280 
345 
0.1340 
0.1275 
0.1340 
0.1350 
0.1235 
0.1355 
0.1355 
0.1315 


Observed  Mean 

8.1 

Observed  Standard  Deviation 

0.99 

95%  Confidence  Limits  on  Mean 

0.71 

6. 


DISCUSSION  AND  CONCLUSIONS 


With  regard  to  static  strength,  the  temperature  dependence  of 
interlaminar  shear  strength  in  laminates  without  inserts  follows  a trend 
expected  on  physical  grounds,  namely  that  apparent  resin  strength  at 
constant  strain  rate  should  increase  as  the  environment  temperature  falls 
below  the  glass-transition  temperature  of  the  resin.  The  reverse  trend 
exhibited  by  Mylar/resin  interfaces  is  a surprising  result.  Although  this 
trend  cannot  be  explained  by  the  usual  physical  models  for  polymers,  the 
data  in  Figure  B-6  do  appear  to  indicate  something  more  than  random 
sampling  error. 

With  regard  to  cyclic  thermal  strength  degradation,  the  results 
obtained  for  laminates  without  inserts  are  encouraging.  The  absence  of  any 
apparent  degradation  after  1,000  cycles  between  -321 °F  (-196°C)  and  +212°F 
(+100°C)  performed  by  immersing  the  bare  specimens  in  liquids  indicates  that 
there  are  no  significant  thermal  shock  effects  associated  with  the 
accelerated  test  procedure  and  the  thermal  conductivity  properties  of 
graphite/epoxy,  at  least  up  to  thicknesses  of  the  order  of  0.06  inch  from 
the  specimen  surfaces  to  the  centerline.  The  slight  degradation  observed 
at  the  Mylar/resin  interface  in  the  laminates  with  inserts  is  tentatively 
attributed  to  thermal  stresses  set  up  at  the  soak  temperatures  by  different 
material  expansion  coefficients. 

Finally,  comparison  of  the  performances  of  the  [0°^2/Ml/0°/Ml/0o/ 
M1/0°12]  and  [0°2g]  laminates  indicates  that  the  latter  laminate  maintains 
significantly  higher  interlaminar  shear  strength  both  statically  and  after 
thermal  cycling.  Hence,  it  is  doubtful  whether  any  potential  improvement 
of  crippling  strength  which  might  be  obtained  by  placing  Mylar  inserts  in 
graphite/epoxy  [90o/0°N/90°]  tubes  would  outweigh  the  associated  fatigue 
strength  penalty. 
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APPENDIX  C 


THERMAL  FATIGUE  TESTS  OF  JOINT  DETAILS 


1 . GENERAL 

Vibratory  launch  loads  and  thermal  cycles  in  orbit  are  two  possible 
sources  of  fatigue  damage  accumulation  in  a communications  satellite  antenna- 
feed  truss.  The  first  of  these  sources  is  treated  in  detail  for  the  ATS/ 3- 
Ring  and  Tripod-B  truss  designs  in  Appendix  D,  where  it  is  shown  that  nominal 
axial  stresses  (due  to  axial  load)  of  22  and  31.2  ksi,  respectively,  are 
expected  once  per  launch,  while  nominal  axial  stresses  due  to  combined  axial 
load  and  bending  of  64.8  and  51.2  ksi,  respectively,  might  be  expected  once 
per  launch  if  the  axial  and  bending  loads  are  correlated.  Stress  concen- 
tration factors  between  1.5  and  2 applied  to  these  stresses  (simulating  a 
well  designed  attachment  fitting)  result  in  small  values  of  calculated  damage 
accumulation  for  the  graphite/epoxy  longeron  tube. 

Another  potential  source  of  fatigue  is  the  stress  field  which  may 
be  developed  in  the  bond  between  the  composite  tube  and  its  attachment 
fitting  due  to  temperature  changes  in  orbit.  Of  most  concern  in  this  regard 
for  a satellite  at  geosynchronous  altitude  are  the  approximate  90  days  per 
year  on  which  the  satellite  passes  through  earth  shadow.  Over  a 10  to  20 
year  operational  life,  the  satellite  may  experience  900  to  1,800  deep  thermal 
excursions  due  to  radiation  cooling  during  the  60  to  90  minutes  spent  in 
earth  shadow.  A preliminary  finite-element  analysis  of  a hypothetical  joint 
detail  has  shown  that  such  thermal  cycles  can  develop  significant  interlamin- 
ar stresses  in  the  bond  (see  Appendix  H).  Hence,  although  the  mechanical 
loads  on  the  antenna-feed  truss  will  be  quite  low  after  deployment,  it  is 
still  important  to  assess  the  potential  for  residual  strength  degradation 
caused  by  thermal  cycles  over  the  life  of  the  spacecraft. 

For  this  purpose,  graphic/epoxy  tubes  were  obtained  from  a supplier 
and  were  bonded  to  steel  fittings  to  simulate  an  end-attachment  joint.  These 
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joint  details  were  subjected  to  varying  numbers  of  accelerated  temperature 
cycles  between  60  +6°F  (15.5  +3.3°C)  and  -321°F  (-196°C)  to  assess  the 
effect  of  cyclic  thermal  fatigue  on  residual  strength.  This  appendix 
presents  a justification  for  the  accelerated  test  procedure,  summarizes  the 
test  specimen  fabrication  and  quality,  describes  the  test  apparatus  and 
procedures  used,  and  presents  the  experimental  results. 

2.  ACCELERATED  TESTING 

The  assessment  of  residual  strength  degradation  of  composites 
intended  for  space  applications  should  ideally  involve  a real-time  test 
procedure  which  incorporates  vacuum,  the  orbital  radiation  and  micrometeoroid 
environments,  and  thermal  excursions.  However,  time  and  cost  preclude  the 
use  of  such  extensive  tests  in  the  early  stages  of  design  development. 
Furthermore,  the  bond  between  a longeron  tube  and  its  metal  end-attachment 
fitting  will  be  protected  frommicrometeroids  and  ultraviolet  radiation  by 
the  surrounding  structure,  and  will  be  able  to  lose  volatiles  to  the  vacuum 
only  through  its  edges.  Hence,  the  potential  effects  of  cyclic  thermal 
stresses  will  be  relatively  more  important  for  bondline  fatigue. 

Since  cyclic  thermal  testing  is  to  be  conducted  in  the  absence  of 
environmental  components  whose  effects  depend  upon  calendar-time  exposure, 
the  possibility  of  accelerated  testing  can  be  considered.  The  importance  of 
accelerated  testing  is  apparent  when  one  recognizes  that  the  radiative 
cooling  process  in  orbit  may  occupy  the  entire  60  to  90  minutes  per  earth- 
shadow  entry  without  reaching  an  equilibrium  temperature.  A much  more  rapid 
cycle  can  be  obtained  by  immersing  the  test  specimen  in  a cryogenic  liquid 
to  take  advantage  of  convective  and/or  conductive  heat  transfer.  However, 
acceleration  of  the  test  in  this  manner  also  increases  the  severity  of 
transient  temperature  gradients  across  the  specimen  wall  thickness,  a situa- 
tion which  may  create  more  damage  than  would  be  expected  in  orbit. 

Consequently,  a one-dimensional  heat-transfer  analysis  was  conduct- 
ed to  assess  the  wall-temperature  gradients  expected  for  radiative  cooling 
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and  cooling  by  immersion  in  liquid  nitrogen  (LN2)  at  -321°F.  The  analysis 
solves  the  one-dimensional  heat-conduction  equation. 


1/  l!l  _ nP  II 
3x2  ' pCP  3t 

subject  to  boundary  conditions  of  the  form: 

r4 
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where  K,  p,  cp,  are  respectively  the  material  thermal  conductivity,  weight 
density,  and  specific  heat  at  constant  pressure;  a is  the  Stefan-Boltzmann 
constant;  e is  the  surface  emmissivity;  and  H is  the  surface  heat-transfer 
coefficient.  A finite-difference  solution  scheme  was  used,  and  is  compared 
for  accuracy  with  two  independent  solution  methods  [49,50]  in  Figure  C-l. 
The  analysis  procedure  was  then  applied  to  a combined  composite/steel  tube 
wall  with  the  properties  given  in  Table  C-l. 

Cases  studied  include  radiative  cooling  and  LN^  immersion  assum- 
ing the  tube  surface  to  be  protected  by  asbestos  insulation  layers  of 
various  thicknesses.  For  the  latter  cases,  it  was  assumed  that  a liquid 
interface  at  -321°F  would  be  maintained  at  the  outer  surface  of  the  insula- 
tion. Also,  immersion  of  a bare  tube  was  analyzed  under  the  assumption  of 
convective  heat  transfer  through  a thin  vapor  film  between  the  tube  and  the 
LN^.  This  assumption  is  based  on  the  occurrence  of  film  boiling  in  the  LN^ 

"he"  Surface  - TLN2  i 28°F  C51^ 


Through  Both  Surfaces  of  a Wall 


TABLE  C-l 
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INPUT  DATA  USED  IN  HEAT  TRANSFER  ANALYSIS 


Portion 

^*V^Tube 

Item 

Composite 

Steel 

Insulation 

K (Btu/in  sec  °F) 

0.579  x 10"5 

0.741  x 10-3 

0.532  x 10-6 

P (lb/in3) 

0.056 

0.283 

0.521  x 10'2 

Cp  (Btu/lb  °F) 

0.193 

0.113 

0.450 

Wall  Thickness  (in) 

0.05 

0.05 

0.1  to  0.3 

Surface  Parameters  and  Physical  Constants 

H = 0.108  x 10'3  Btu/in2  sec  °F 
e = 0.9 

a = 3.37  x 10'15  Btu/in2  sec  °R4 

Results  of  the  analysis  are  presented  in  terms  of  the  total  temper- 
ature gradient  across  the  wall,  AT(t),  assuming  that  only  the  outer  surface 
is  exposed  to  LN^.  The  general  behavior  of  the  temperature  gradient  is 
shown  schematically  in  Figure  C-2.  Initially  there  is  no  gradient,  but  AT 
rises  to  a maximum  value  AT  „ in  a finite  time.  The  magnitude  of  AT  „ 
increases  and  the  time  required  to  reach  ATmax  decreases  as  the  efficiency  of 
the  heat- transfer  process  between  the  tube  and  its  surroundings  increases. 
After  AT  is  attained,  AT  decays  asymptotically  to  zero  (thermal  equili- 

brium)  as  t -*■  <*>.  Thus,  the  gradient  AT_,V  can  be  used  to  make  a comparative 
assessment,  of  thermal  shock  effects  on  stresses  in  the  bondline  and  tube 
walls.  Results  of  the  cases  actually  studied  are  shown  in  Figures  C-3  and 
C-4. 
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Figure  C-2.  General  Behavior  of  Temperature  Gradient  with  Cooling  Time 

Program  RADSYM  (Appendix  H)  was  used  to  compute  joint  stresses 
due  to  the  maximum  thermal  gradient  for  four  representative  cases.  In  each 
case,  temeprature  distributions  between  T = 0 at  the  exposed  surface  and  T = 
ATmax  at  the  inner  surface  were  assumed  to  vary  linearly  through  the  wall 
thickness,  and  along  the  length  of  the  tube,  as  shown  in  Figure  C-5.  A 
survey  of  the  resulting  bondline  stresses  (Table  C-2)  indicates  that  even 
the  bare-tube  accelerated  test  causes  thermal -gradient  stresses  which  are 
insignificant  compared  with  the  thermal  stresses  due  to  soaking  at  uniform 
temperature^.  In  view  of  these  analytical  results  and  the  fact  that  acceler- 
ated thermal  tests  of  flat  laminate  specimens  appeared  to  cause  no  thermal - 
shock  degradation  (Appendix  B),  the  accelerated  testing  procedure  was 
adopted  to  assess  the  joint  details. 


Vhe  latter  values  were  found  to  be  approximately  -2,000  psi  (radial)  and 
6,000  psi  (shear)  for  cooling  from  room  temperature  LN2  temperature. 
Additional  results  for  stresses  in  the  tube  walls  are  reported  in  Appendix  H. 
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Figure  C-4.  Comparison  of  Radiative  Cooling  with  LN?  Immersion 
of  Bare  and  Insulated  Test  Specimens 
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o steel _ o 


T-|  = Temperature  at  steel /bond  interface. 

T2  “ Temperature  at  compos ite/bond  interface. 

T-| , T2  obtained  from  ATMflx  by  linear  interpolation. 

Figure  C-5.  Temperature  Distribution  Assumed  for  Thermal-Shock  Stress  Analysis 


TABLE  C-2 

SURVEY  OF  BONDLINE  STRESSES  CAUSED  BY  TEMPERATURE  GRADIENT 


ATMax 

Radial  Stress  (psi) 

Shear  Stress  (psi) 

°C 

°F 

Max. 

Min. 

Max 

Min. 

0.139 

0.25 

+0.73 

-0.70 

+1.06 

-0.63 

1.111 

2.0 

-3.4 

-43.0 

+9.25 

-2.58 

11.11 

20 

+116 

-112 

+92.5 

-25.8 

22.22 

40 

+116 

-112 

+169 

-100 
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3. 


TEST  SPECIMEN  FABRICATION  AND  TEST  MATRIX 


Nine  tubes  36  in.  long  with  1.3  +0.005  inch  I.D.  were  fabricated 
from  Hercules  AS/3501-6  graphic/epoxy  with  and  without  Mylar  inserts  by  the 
Avco  Corporation,  Lowell,  MA.  The  Mylar  inserts  were  perforated  in  the 
manner  outlined  in  Appendix  B to  permit  resin  bleed.  The  layup  sequences 
and  number  of  test  specimens  obtained  from  each  series  are  summarized  in 
Table  C-3.  Tube  quality  assessment  is  discussed  as  part  of  the  broader 
context  in  Appendix  K. 


TABLE  C-3 

INVENTORY  OF  GRAPHITE/EPOXY  TUBES 


Layup  Sequence* 

No.  of  36-in. 
Tubes 

Fabricated 

No.  of  5-in. 

Test  Specimens 
Obtained 

1 — 1 
vo 
o 

O 

o 

— * o 

O 
— , 

VO 

O 

o 

3 

21 

[90°/Ml/0^0/Ml/90°] 

3 

21 

[90°/M2/0|0/M2/90°] 

3 

21 

| *M1  = 0.001-in.  Mylar  insert,  M2  = 0.002-in.  Mylar  insert,  j 

Each  tube  was  cut  into  5-in.  lengths  for  design  development  test 
(DDT)  specimens,  using  a Neuber  type  1A1R  (C=50)  resinoid-bond  diamond  wheel 
at  approximately  2,000  RPM,  together  with  a water  spray.  An  end-attachment 
fitting  was  simulated  by  bonding  a steel  sleeve  to  the  inside  of  each  test 
specimen.  Dimensional  details  are  shown  in  Figure  C-6.  Photographs  of  a 
sleeve  and  a completed  DDT  article  are  shown  in  Figures  C-7  and  C-8. 
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The  steel  fitting  was  slotted  and  given  a 25°  taper  to  permit  experimental 
study  of  a configuration  closer  to  a realistic  joint  than  the  geometries 
which  were  treated  by  the  analysis  procedures  outlined  in  Appendices 
H and  I.  An  inside  fitting  was  chosen  primarily  to  maintain  uniformity  of 
the  bond  thickness,  since  the  O.D.  of  the  composite  tubes  was  found  to  be 
much  more  variable  than  the  I.D. 

After  the  fitting  and  tube  surfaces  were  cleaned,  the  fittings 
were  bonded  with  B.F.  Goodrich  A-1333-B  epoxy  resin  [52]  and  oven-cured  at 
160°F  for  2 hours.  A post-cure  period  of  3 to  8 days  was  then  allowed  before 
beginning  testing.  Some  variations  occurred  in  the  bond  processing,  and  were 
apparently  responsible  for  anomalies  in  the  experiental  results.  The 
variations  involved  different  cleaning  agents,  waiting  time  between  assembly 
and  curing,  and  resin  temperature  during  mixing.  The  details  are  presented 
together  with  the  test  results  in  Section  C.5. 

After  the  strength  test  of  a joint  was  completed,  approximately 
2-in.  of  the  composite  tube  was  retrieved  from  the  free  end  by  cutting  with 
a hacksaw  to  obtain  a second  specimen  for  a residual-strength  test  of  the 
tube  itself  (see  Figure  C-6).  The  newly  cut  end  of  the  second  specimen  was 
then  refinished  on  a sanding  wheel  with  No.  60  aluminum  oxide  grit. 

Due  to  late  receipt  of  the  composite  tubes  and  the  time-consuming 
nature  of  the  cyclic  thermal  testing,  only  a part  of  the  intended  test 
matrix  could  be  completed  within  the  program  schedule.  Planned  and 
completed  tests  are  summarized  in  Table  C-4. 
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TABLE  C-4 


3/2:  3 * joint  strength  test;  2 = tube  strength  test. 

( ) Tests  planned  but  not  completed. 


4. 


TEST  PROCEDURES 


1 


Bare  DDT  specimens  were  ganged  in  groups  of  three  for  thermal 
cycling  in  an  automated  test  rig  consisting  of  a 12-in  lb,  variable-RPM  AC 
motor  turning  a wheel  with  an  eccentric  bearing  to  control  a dipstick  and 
hanger  (Figure  C-9).  When  the  dipstick  is  in  the  "up"  position,  the  test 
specimens  rest  in  a partial  enclosure  containing  two  250-W  infrared  lamps 
and  lined  with  aluminum  foil.  When  the  dipstick  is  in  the  "down"  position, 
the  test  specimens  rest  in  an  insulated  open-top  tank  containing  LN^ 
(periodically  replenished  from  a large  Dewar  flask).  Operation  of  the 
motor  is  controlled  by  two  set/reset  timers  and  limit  switches  engaged  by 
the  dipstick  in  the  "up"  and  "down"  positions.  The  control  circuit  schematic 
is  illustrated  in  Figure  C-10. 

The  soak  time  at  LN^  temperature  was  established  by  immersing  a 
DDT  specimen  fabricated  from  scrap  tubing  and  observing  the  time  required 
for  the  LN£  to  cease  boiling.  To  establish  the  soak  time  in  the  infrared 
enclosure,  an  iron-constanstan  thermocouple  was  applied  to  the  inside 
surface  of  the  steel  fitting,  and  the  thermocouple  temperature  versus  time 
after  emergence  from  the  LN^  bath  was  monitored.  By  repeated  experiments, 
a thermal  cycle  between  -321°F  (-196°C)  and  +60  +6°F  (15.5  +3.3°C)  was 
established  with  soak  times  of  approximately  50  sec  in  LN^  and  7 minutes 
in  the  infrared  enclosure. 

Joint  strength  and  tube  strength  were  measured  on  a BLH  SR-4 
mechanical-drive  testing  machine  with  50,000-lb.  capacity,  at  a cross- 
head rate  of  0.05  in/min.  Both  types  of  test  were  conducted  by  placing  the 
test  specimen  directly  between  the  platens. 
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CONTROLS  AND  MOTOR 


DIPSTICK 


ENCLOSURE 
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(A)  OVERALL  VIEW 
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Figure  C-9.  Thermal  Cycle  Apparatus 
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5.  EXPERIMENTAL  RESULTS 

Details  of  the  experimental  results  are  presented  in  Table  C-5, 
together  with  the  process  history  for  each  joint  assembly.  Note  that  two 
of  the  three  [90°/0^q/90°]  tubes  given  1,000  thermal  cycles  failed  at 
extremely  low  loads.  These  two  data  points  are  considered  to  b_  anomalous 
results  of  process  variations.  The  two  specimens  in  question  had  been 
cleaned  with  methyl  ethyl  keytone  (MEK)  applied  to  the  composite,  as  well 
as  the  steel  surface,  the  bonding  resin  had  been  mixed  at  a lower  tempera- 
ture than  for  other  specimens,  and  four  hours  at  75°F  intervened  between 
assembly  and  oven  curing.  Also,  the  bond  resin  was  observed  to  be  in  a 
sticky  condition  after  the  strength  tests  of  these  two  specimens,  while 
the  normal  post-cured  condition  of  the  resin  at  75°F  is  hard  and  glassy. 

The  most  probable  cause  of  the  anomaly  was  thought  to  be  the  use 
of  MEK  to  clean  the  composite  tube.  The  hypothesis  was  that  enough  MEK 
might  have  infiltrated  the  cured  3501-6  resin,  instead  of  evaporating,  to 
provide  a source  of  excess  volatiles  which  could  degrade  the  curing  of  the 
bond  resin.  An  attempt  was  made  to  verify  this  hypothesis  by  MEK-cleaning 
and  bonding  of  three  scrap  tubes,  which  were  immediately  oven-cured  and 
post-cured  for  0,  3 and  5 days,  respectively,  before  trying  a static 
strength  test.  The  results  of  these  tests  are  included  in  Table  C-5,  but 
do  not  definitely  confirm  MEK  as  the  culprit. 

The  joints  failed  by  debonding  in  most  cases,  but  in  three  tests 
the  failures  occurred  either  by  splitting  or  combined  splitting  and 
debonding.  The  splits  occurred  along  the  butt  seam  in  the  outside  90°  ply, 
as  shown  schematically  in  Figure  C-ll.  The  scatter  in  joint  strengths 
precludes  a detailed  performance  assessment  because  of  the  small  number  of 
data  points  for  each  test  condition.  However,  a useful  statistical  infer- 
ence can  be  made  by  pooling  the  data  in  the  two  groups  shown  in  Table  C-6. 
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c)  |meas|meas| heasi  |broom|broom|b  |b  |broom|broom 

Cleaning  agents:  AC  » acetone;  AIR  ■ compressed  air;  MC  = mel 
Failure  modes:  DB  * normal  debond;  SPLIT  * splitting  failui 


The  one-sided  confidence  limits  shown  in  Table  C-6  can  be  interpreted  as 
follows: 

Up  £8.38  - 0.97  = 7.41  KIPS  (Zero  to  100  thermal  cycles)  C-3 

Pp  £ 5.42  + 1.35  = 6.77  KIPS  (500  to  1,000  thermal  cycles)  C-4 

where  yp  is  the  underlying  mean  value.  Hence,  one  may  conclude  that  at  least 
9 percent  degradation  of  joint  strength  occurs  after  long-term  thermal 
cycling,  with  90  percent  confidence. 


Figure  C-ll.  Schematic  of  Splitting  Failure 


136 


TABLE  C-6 


POOLED  DATA  FOR  JOINT  STRENGTH 

(Layup  Sequence  of  [90°/0^q/90°]  only; 
Splitting,  Brooming,  and  Anomalous  Failures  Excluded) 


Item 


Observations 


G R 0 U 


Data  for  0,  50  and 
100  Thermal  Cycles 


Strength** 


9.80 

5.90 

7.00 

7.60 

8.70 

8.55 

10.00 

9.50 

15.80 

15.25 


Data  for  500  and 
1 ,000  Thermal  Cycles 


Strength** 


Mean 

9.81 

5.42 

Standard  Deviation 

3.10 

1.15 

95%  Confidence*** 

1.80 

1.35 

*Keyed  to  Table  C-5. 
**(KIPS) 

***0ne-sided  confidence 

1 imit. 
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Three  tube  failure  modes  are  noted  in  Table  C-5,  but  none  appear- 
ed to  be  associated  with  local  crippling.  Several  tubes  (including  one 
with  Mylar  inserts)  failed  at  the  loads  between  20  and  29  KIPS  in  an 
apparent  bursting  mode.  Examples  are  shown  in  Figure  C-12.  However,  most 
of  the  remaining  tubes  failed  at  much  lower  loads  by  brooming  at  one  end,  and 
sometimes  accompanied  by  splitting  along  the  90°-ply  butt  seam  (see  Figure 
C-ll  for  splitting  schematic).  The  brooming  failures  tended  to  occur  at 
the  tube  end  which  had  been  cut  with  a hacksaw.  Typical  examples  are  shown 
in  Figure  C-13.  Because  of  the  scatter  in  the  strength  data  and  lack  of 
consistency  in  the  failure  modes,  no  conclusions  can  be  drawn  with  regard 
to  the  effect  of  thermal  cycles  on  the  basic  tube  material.  However,  some 
critique  of  fabrication  and  test  procedures  is  warranted,  arid  is  presented 
following  the  discussion  of  joint  strength. 
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(b)  [90°/Ml/0°  /Ml/90°] 


Figure  C-12.  Typical  Bursting  Failures 
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DISCUSSION  OF  RESULTS 
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Fatigue  degradation  by  thermal  cycling  of  the  bond  between  a 
graphite/epoxy  tube  and  a steel  attachment  fitting  has  been  demonstrated 
experimentally.  The  thermal  cycle,  between  -321°F  and  +60°F,  is  considered 
to  be  somewhat  more  severe  than  the  probable  cycle  for  similar  joints  in 
a geosynchronous  satellite  passing  through  earth  shadow.  Some  900  to  1,800 
such  cycles  could  occur  during  a 10  to  20  year  operational  life. 

There  remains  to  be  answered  the  question  of  whether  the  thermal 
stress  levels  induced  in  the  test  are  reasonable  in  comparison  with  the 
mechanical  fatigue  stresses  to  be  expected  during  launch.  A simplified 
one-dimensional  shear-lag  analysis  can  be  used  to  shed  some  light  on  this 
question. 

Consider  the  idealized  attachment  joint  shown  in  Figure  C-14, 
where  subscripts  1 and  2 refer  to  the  metal  fitting  and  composite  tube, 
respectively,  and  where  E is  the  axial  Young's  modulus,  A is  the  cross 
section  area,  and  a is  the  axial  coefficient  of  thermal  expansion.  The 
joint  is  assumed  to  be  loaded  either  by  an  axial  force  P (neglecting  the 
associated  flaring  couple)  or  by  a uniform  temperature  change  AT.  Since 
hoop  effects  are  neglected,  the  model  does  not  distinguish  between  inside 
and  outside  fittings. 
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Let  s.. , u..  and  (i  = 1,2)  represent  the  component  axial  stresses, 
elastic  displacements  and  total  displacements,  respectively,  and  let  sD  be 

O 

the  shear  stress  in  the  bond.  It  then  follows  from  the  free-body  diagrams 
shown  in  Figure  C-15  that  the  equations  of  equilibrium  for  the  model  are 
given  by: 

A-]  s]  - 2irRSg  = 0 A2s£  + 2ttRsb  = 0 C-5 


where  ( )'  = d ( )/dx.  Also,  the  stress-strain  relations  are  given 
by: 


S1  = Elul  S2  " E2u2  SB  = I ^V1  ‘ v2^  C'6 

and  the  following  expressions  relate  elastic  and  total  strains: 

v]  = uj  + a-jAT  v^  = u ^ a2AT  C-7 

(Note  that  from  the  third  of  Eqs.  C-6,  the  shear 'strain  in  the  bond  is 
assumed  to  be  uniform,  and  is  determined  by  the  relative  difference  in  the 
total  displacements  of  the  fitting  and  tube.) 


— H dx  h— 


Figure  C-15.  Free-Body  Diagrams  for  Joint  Model 
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Equations  C-5  through  C-7  can  be  combined  to  eliminate  s^, 
( 1 - 1>2)  and  Sg,  with  the  result  that  the  following  field  equations 
obtained  in  terms  of  v^: 

W - nr  <*,  - *2)  ■ “ 
e2a2v2  + t (vr  v2}  = 0 

The  general  solution  of  Equations  C-8A  and  B is: 
v-j  = A sinh(Xx)  + B cosh{Xx) 

V£  = C sinh(Xx)  + D cosh(Xx) 


ui* 

are 


C-8A 

C-8B 


C-9A 

C-9B 


where: 


X 


1/2 

2ttRG(E1A1  + E2A2) 


hEi  A-j  E2A2 


C-10 


The  constants  A,B,C,D  are  determined  by  the  following  boundary  conditions 
for  the  two  cases  of  interest: 


v-J(O)  = 

Q.  <1 

LU 

V2(U  = 

vj(L)  = v2(0)  = 0 (Axial  load) 

vj(0)  = 

vj(L) 

= a-jAT 

v£(0)  = 

v^(L) 

= a^AT  (Temperature  change) 
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i 

I 

After  satisfaction  of  the  boundary  conditions  and  back-substitution,  the 
following  expressions  are  obtained  for  the  magnitudes  of  the  peak  shear 
stresses  in  the  bond: 


■!<o> 

sb(l) 

sftO) 


C-13A 


C-13B 


C-14 


Approximations  to  Equations  C-13  and  C-14  for  large  values  of  XL  are  given 
by: 


max(s 


GP 

Xh[min(E-|Ai  ,E2A2)] 


C-l  5 


l«-|  - 


GAT 

Xh 


C-l  6 


Consider  now  the  following  three  cases:  the  DDT  article,  the 
ATS/3-Ring  longeron  and  the  Tripod-B  longeron.  Approximate  dimensional 
parameters  for  each  case  are  summarized  in  Table  C-7  for  two  possible 
conditions:  bond  assumed  to  be  restricted  to  secondary-curing  resin,  and 
bond  assumed  to  include  the  neighboring  90°  graphite/epoxy  plies  (0.005  in 
per  ply).  In  all  cases,  XL  is  sufficiently  large  to  warrant  using  the 
approximate  peak-stress  expressions  (Equations  C-15  and  C-l  6) . Approximate 
material  properties  used  in  the  calculations  are  summarized  in  Table  C-8. 
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TABLE  C-7 


DIMENSIONAL  PARAMETERS 


^""^^Design 

DDT  Article 

ATS/3-Ring 

Tri pod-B 

Item 

[90°/0°10/90°] 

C90O2/0O16/9°O23 

[9°O2/0oi6/90°2] 

R (in.) 

0.65 

1 .40 

1.80 

L (in.) 

1.00 

EEERSSI 

Wall  thickness  of 
graphite/epoxy 
tube  ( i n . ) 

0.05 

0.10 

0.10 

0.125 

0.10  (est.) 

Assuming  only 
secondary  bond 
in  shear: 

h (in.) 

0.004 

0.005 

0.005 

A(in._1) 

17.35 

13.4 

13.4 

AL 

17.35 

36.5 

53.6 

Assuming  inclusion 
of  neighboring  90° 
plies  in  shear: 

h (in.) 

0.009 

0.015 

0.015 

A (in.-1) 

11.56 

7.75 

7.75 

AL 

11.56 

21.10 

31.00 

The  thermal  shear  peak  for  each  case  corresponds  to  the  represen- 
tative orbital  excursion  AT  = 390°F  (216°C).  For  comparison,  axial  loads  P 
= 15,950  lb.  for  ATS/3-Ring  and  29,313  lb.  for  Tripod-B  are  expected  to 
occur  once  per  launch  (see  Appendix  D).  To  compare  the  DDT  article  on  a 
similar  basis,  it  is  reasonable  to  assume  that  as  a primary  member  it  would 
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TABLE  C-8 


APPROXIMATE  MATERIAL  PROPERTIES 


I > 


Material 

Property  Values 

Steel  Fittings 

E-j  = 30  x 10®  psi 
o1  = 11.2  x 10"6  °C_1 

Graphite/ Epoxy 

E2  = El  - 21  x 106  psi 
a2  = aL  z 0.3  x 10"6  °C-1 

Bond 

G 5 106  psi 

be  designed  to  experience  about  one-half  the  demonstrated  10,000-lb.  static 
joint  strength  as  a once-per-launch  expected  load.  The  loads  and  stress 
calculations  are  summarized  in  Table  C-9.  The  comparisons  also  include 
average  shear  stress  due  to  axial  load. 

The  data  in  Table  C-9  demonstrate  a common  aspect  of  the  DDT 
article  and  the  longeron  designs:  the  similar  ratios  of  thermal  stress  to 
once-per-launch  stress.  Hence,  it  is  reasonable  to  conclude  that  the 
relative  amounts  of  damage  accumulation  caused  by  thermal  cycling  and  launch 
will  be  similar.  Fatigue  calculations  for  the  longeron  tubes  indicate  that 
the  expected  launch-loading  damage  accumulation  is  small  in  the  tubes,  per 
se;  a similar  result  can  be  assumed  for  the  bondline.  On  the  other  hand, 
the  DDT  experiments  demonstrate  some  degradation  of  residual  strength  after 
the  500  to  1,000  thermal  cycles,  and  similar  degradations  can  be  expected 
in  the  ATS/3-Ring  and  Tripod-B  longerons. 
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TABLE  C-9 

LOAD  AND  STRESS  COMPARISONS 


^^^^Desian 

Item 

DDT  Article 

ATS/3-Ring 

Tripod-B 

Once  per  launch 
load  (lb) 

5,000 

15,950 

29,313 

Earth  shadow 
thermal  cycle, 

AT  (°C) 

216 

216 

216 

Stresses  assuming 
only  secondary 
bond  in  shear: 

Sg  (ksi ) 

16.0 

15.7 

22.4 

sf  (ksi) 

33.6 

34.8 

34.8 

SB  ^Avg^  2ttRL  ^ksi^ 

1.22 

0.675 

0.648  | 

s^/sPQ  (Peak/Peak) 

2.10 

2.22 

1.56 

s?/sS  (Peak/Avg ) 

27.5 

51.5 

53.8 

Stresses  assuming 
inclusion  of  90° 
plies  in  shear: 

Sg  (ksi) 

10.7 

9.06 

12.9 

sAg  (ksi) 

22.4 

20.1 

20.1 

SB  (Avg)  = 2ttRL  (ksi) 

1.22 

0.675 

0.648 

S^/Sg  (Peak/ Peak) 

2.10 

2.22 

1.56 

sAgT/sg  (Peak/Avg) 

18.3 

29.8 

31 .0 

As  far  as  the  communications  satellite  is  concerned,  cyclic 
thermal  strength  degradation  is  not  a critical  factor  because  the  residual 
strength  at  the  end  of  operational  life  will  still  be  one  to  two  orders  of 
magnitude  larger  than  the  orbital  mechanical  laods.  However,  cyclic  thermal 
fatigue  may  be  more  critical  for  large  space  structures.  Large  space 
structures  may  be  designed  to  reduced  static  requirements,  assuming  assembly 
in  orbit,  may  be  subjected  to  larger  orbital  loads,  and  may  have  longer 
operational  life  requirements. 

Theoretical  prediction  of  tube  strength  from  crippling  stability 
analysis  [4]  leads  to  an  expected  failure  load  of  80  KIPS.  It  is  apparent 
that  crippling  was  not  achieved  in  the  tube  tests,  in  view  of  the  observed 
failure  modes  and  the  low  strength  data  (8  to  29  KIPS).  The  strengths  of 
those  tubes  which  did  not  experience  brooming  (20  to  29  KIPS)  can  be 
correlated  approximately  with  a simple  failure  model. 

Consider  a tube  with  the  cross-section  dimensions  shown  in 
Figure  C-16  and  suppose  that  a uniform  axial  strain  ez  is  imposed  by  the 
testing  machine.  If  the  tube  is  treated  as  a thin-walled  cylinder  (t^t^ 

« R,  radial  stress  sr  « SQ»SZ)»  the  following  approximate  relationship 
between  the  total  compression  load,  P,  the  tensile  hoop  stress  in  the  90° 
plies,  sQ,  and  the  properties  of  a single  ply  can  be  derived: 


P = 4iTRt 


VLT  - VTL 


VT|  t-i  Vi  -rt« 

) + r-)  n + A1) 

VLT  t2  vTLtl 


(1  - 


VLTVTL 


VLT  " VTL 


C-l  7 
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Substituting  this  value  and  the  ply  properties  of  AS/3501-6  graphite/epoxy 
(see  Appendix  A)  in  Eg.  C-17  leads  to: 


P = 4.19  s0  C-18 

If  Fj2  = 8.5  ksi  is  substituted  in  Eq.  C-18  for  $Q,  a failure  load  P - 35.6 
KIPS  is  predicted,  a value  not  far  from  the  data  for  the  four  bursting 
failures.  This  suggests  that  the  tube  strength  is  bounded  by  resin 
strength  in  the  90°-ply  butt  seam  region. 

The  data  for  the  brooming  failures  cannot  be  correlated  with  the 
bursting  model  presented  above.  Poor  maintenance  of  end  conditions  in  the 
test  (placing  the  specimen  directly  between  the  platens)  may  have  contri- 
buted in  part  to  these  results.  However,  the  major  cause  is  thought  to  be 
damage  introduced  in  the  specimens  by  cutting  with  a hacksaw  and  finishing 
the  new  end  on  a sanding  wheel. 


148 


APPENDIX  D 


VIBRATION  ANALYSIS  APPROACH  AND  RESULTS 

1.  GENERAL 

The  ATS/3-Ring  and  Tripod-B  antenna-feed  truss  design  concepts 
were  subjected  to  identical  vibration  analyses  to  provide  data  for 
estimating  maximum  loads  and  potential  fatigue  damage  accumulation  during 
launch.  The  analyses  were  executed  by  two  tandem  computer  codes:  program 
SFRAME  and  program  SPECTRA. 

Program  SFRAME  is  used  to  assemble  a finite-element  model  of  the 
truss  and  to  solve  the  undamped  natural-vibration  eigenvalue  problem. 

Program  SFRAME  was  also  used  previously  to  perform  static  analyses  of  both 
designs  [ 1 ].  Program  SFRAME  is  documented  in  Appendix  E. 

The  natural  frequencies  and  mode  shapes  computed  by  program  SFRAME 
are  used  by  program  SPECTRA  to  perform  a response  analysis.  Program  SPECTRA 
assumes  that  the  truss  is  subjected  to  base  excitation  consisting  of  three 
uncorrelated  zero-mean  stationary  Gaussian  processes  with  identical  power 
spectra.  Modal  analysis  is  employed  to  compute  the  corresponding  response 
power  spectra  for  each  degree  of  freedom  and  each  member  internal  load  in 
the  structure,  and  appropriate  integrals  of  the  power  spectra  are  computed 
to  obtain  exceedance  rates.  Program  SPECTRA  is  documented  in  Appendix  F. 

This  appendix  reviews  briefly  the  theoretical  foundations  of  the 
dynamic  analysis  tasks.  Following  the  review,  the  excitation  input  data 
are  presented  and  discussed,  and  the  results  of  the  analyses  of  the  ATS/3- 
Ring  and  Tripod-B  designs  are  given. 

2.  VIBRATION  ANALYSIS 

The  undamped  natural-vibration  eigenvalue  problem  is  solved  by 
the  subspace  iteration  method  [12,13].  The  problem  is  formulated  as: 

[K]  [U]  = [M]  [U]  SxnI  D-l 


149 


where  [K],  [M]  are  assembled  stiffness  and  mass  matrices  of  order  N,  [>A\] 
is  a diagonal  eigenvalue  matrix  of  order  N'  < N,  and  [U]  is  an  N x N'  rec- 
tangular eigenmatrix.  Each  column  of  [U]  represents  one  eigenvector,  and 
the  corresponding  coefficient  of  [NA\]  represents  the  square  of  the  associated 
natural  frequency. 

The  algorithm  for  computing  [U]  and  [\A\]  is  based  on  updating  the 
current  estimate  for  [U]  by  means  of  an  eigensolution  obtained  from  condensed 
stiffness  and  mass  matrices.  Assume  that  an  arbitrary  initial  guess  [U^] 
is  made,  and  let  [U^]  represent  the  estimate  after  completion  of  the  ith 
iteration  step.  The  (i  + l)^1  iteration  step  is  then  carried  out  as  follows. 
First,  the  current  eigenmatrix  estimate  is  used  to  compute  'condensed  stiffness 
and  masses: 


[k]  = [U]T  [K]  [U] 

D-2A 

[m]  = [U]T  [M]  [U] 

D-2B 

Note  that  [k],  [m]  are  of  order  N‘.  The  auxiliary  eigenvalue  problem  with 

N'  degrees  of  freedom: 

[k]  [u]  = [m]  [u]  ^(i  + 1}] 

D-3 

is  now  solved.  In  the  present  case,  this  is  accomplished 
mining  the  canonical  form  of  [m]  alone,  and  then  using  the 
to  transform  Eq.  0-3  to  [53]: 

by  first  deter- 

canonical  form 

([m]“1/2  [k]  [m]"1/2)  [v]  = [v]  [SAn^  + ])] 

D-4 

where 

[u]  = [m]‘1/2  [v] 

D-5 

-1/2 

The  numerical  solutions  for  the  canonical  forms  of  [m]  and  [m]  ' [k] 
[m]~^2  are  executed  by  the  Jacobi  method  of  iteration  with  plane  rotation 
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transformations  [54,55].  The  von  Neumann  convergence  criterion  for  Jacobi 
iteration  [56]  is  used  to  maintain  solution  accuracy.  After  [u]  and 
fsAsf1  ' ^]  have  been  obtained,  the  uncondensed  eigenmatrix  is  updated  as 
follows: 

[U(i  + ])]  = [K]"1  [M]  [U(i)]  [u]  D-6 


Equation  D-6  combines  a projection  operation  [U^]  [u]  (i.e.,  realignment 
of  the  uncondensed  eigenvectors  toward  the  condensed  eigenvectors)  with 
static  processing  [K]"^  [M]  analogous  to  the  matrix  iteration  method.  In 
practice,  the  inverse  [K]”'*  is  not  computed  directly;  rather  [U  ^ + is 
computed  by  means  of  a static  equation-solving  algorithm. 


It  has  been  shown  that  the  procedure  outlined  by  Eqs.  D-2  through 
D-6  is  convergent,  i.e.,  [l/1'^]  [U],  -+  [\X\] , and  the  N'  lowest 

modes  are  obtained.  In  practice,  the  procedure  is  bounded  by  a convergence 
test  of  the  form: 


where  e « 1 is  a prescribed  tolerance.  Thus,  convergence  assures-  that  the 
error  in  each  computed  eigenvalue  is  bounded  by  e,  and  in  each  frequency  by 
/e.  The  procedure  is  also  bounded  by  a prescribed  maximum  number  of  subspace 
iteration  steps. 


Finally,  it  is  noted  that  a previous  investigation  [57]  has  deter- 
mined that  optimum  rapidity  of  convergence  is  usually  obtained  by  including 
more  modes  in  the  subspace  than  the  number  for  which  convergence  is  desired. 

For  example,  let  N'  represent  the  order  of  the  subspace  and  N"  < N ' , the  number 
of  modes  to  be  converged.  Then  optimum  results  are  generally  obtained  when: 


N"  + 3 < N1  < 2N" 


D-8 
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3. 


MODAL  FORMULATION  FOR  RESPONSE  ANALYSIS 


An  important  property  of  the  eigenmatrix  is  its  ability  to 
decouple  the  undamped  equations  of  motion: 

[M]  {q)  + [K]  {q}  = (Q(t) } D-9 

where  {q } is  a vector  of  the  degrees  of  freedom  (nodal  displacements  and 
rotations)  in  the  assembled  finite-element  model  and  (Q ( t ) } is  a corres- 
ponding vector  of  applied  loads.  Let  {q } be  represented  as  a linear  com- 
bination of  the  natural  mode  shapes  [U],  each  multiplied  by  a time- 
dependent  scale  factor  3(t): 

(q(t) } = [U]  {B(t)>  D-10 

Then  premultiplication  of  Eq.  D-9  by  [U]T,  and  substitution  of  Eq.  D-10 
lead  to: 

I^MS  {0)  + N<^  (3)  = (Q(t) } D-l  1 


where 


NH  = 

[U]T  [M]  [U] 

D-12A 

NcSI  = 

[U]T  [K]  [U] 

D-12B 

{Q(t)>  = 

[U]T  {Q ( t ) } 

D-12C 

The  decoupled  equations  of  motion  can  be  extended  to  the  case  of 
lightly  damped  structures,  e.g.,  by  assuming  directly  a set  of  nondimen- 
sional  modal  damping  factors,  t,  based  on  engineering  judgement.  Premulti- 
plication of  Eq.  D-ll  by  and  introduction  of  the  damping  terms 

then  leads  to: 

(6}  = [S2cnmn\]  (6}  + (B)  = {a(t)>  D-13 
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where  = Kn/Mn  (n  = 1,  2,  . ..,  N')  and 


{ot(  t) } = {Q(t)> 


Assume  now  that  the  finite-element  model  is  to  be  subjected  to 
dynamic  excitation  by  applying  time-dependent  displacements  at  the  con- 
strained nodes,  instead  of  forces  at  the  free  nodes.  In  the  present  case, 
this  represents  a physical  model  which  assumes  that  excitation  is  input  to 
the  antenna-feed  truss  through  motions  of  a rigid  truss/spacecraft. inter- 
face. Assume  that  the  input  motions  are  described  by  three  translational 
components  aligned  with  the  finite-element  model  global  reference  axes  XYZ: 

Aitil 

{r(t)>  = /y(t)  > D-l ! 

z(t) 

* 

A kinematic  description  of  the  effects  of  these  motions  of  the  truss  is 
given  by: 


{qR(t) } = [UR]  ( r ( t ) } D- 1 6 

where  [UR]  is  an  Nx3  "modal"  matrix  analogous  to  the  N x N'  matrix  of 
natural  modes  [U],  and  where  (r } is  analogous  to  {£}.  In  other  words,  each 
column  of  [UR]  specifies  the  nodal  displacements  corresponding  to  a unit 
rigid-body  translation  of  the  structure  along  one  global  axis. 

Since  rigid-body  motions  can  neither  store  strain  energy  nor 
induce  damping  in  the  structure  by  means  of  relative  displacements  or 
velocities  across  components,  only  the  d'Alembert  inertial  forces  need  be 
included  in  the  equations  of  motion,  which  now  become: 


[M]  ({q}  + CqR})  + [C]  {q}  + [K]  {q} 
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Premultiplication  of  Eq.  D-17  by  [U]T , and  substitution  of  Eqs.  D-10  and 
D-16  then  lead  to  decoupled  equations  similar  to  Eq.  D-13: 

(6)  + £^n<^  (61  + {$}  = -Hk}'1  [Ar]  {r}  D-18 


where 


[Ar]  = [U]T  [M]  [UR]  D-19 

Structural  responses  can  be  calculated  by  solving  the  uncoupled 
equations  of  motion  (Eq.  D-13  or  D-18)  and  then  using  modal  superposition 
(Eq.  D-10)  to  obtain  {q}.  For  example,  a straightforward  algorithm  has 
been  developed  for  transient  response  analysis,  in  which  { q ( t _ -j)}, 

(q(ti  -j )}  and  the  values  of  the  excitations  at  times  t.j  ^ and  t^  are  used 
to  compute  { q ( t ^ ) > and  (q ( t^ ) } , assuming  linear  interpolation  between  t^  _ ^ 
and  t.  for  the  excitation  [58].  In  the  present  case,  the  objective  is  to 
formulate  a solution  for  response  to  excitation  by  stationary  random 
processes.  For  this  purpose,  it  is  permissible  to  treat  the  time-dependent 
quantities  formally  as  if  their  Fourier  transforms  exist,  e.g.: 


(B(ito)}  = / e'1a)t{B(t)}  dt 

—co 


D-20 


It  is  then  easy  to  show  that: 


CO 

/ e"1u,t  { B ( t ) } dt  = iw  { B ( i co ) } 

— oo 


/ e'iwt  { B ( t ) } dt  = -J  (B(iu))} 


D- 21 
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(R(iu>)}  = / e iwt  (r(t)}  dt  D-24 

-oo 


Power  spectra  and  cross-spectra  for  the  response  quantities  can 
now  be  obtained  by  working  with  finite  Fourier  transforms,  applying  Parse- 
val's  theorem,  and  going  through  a limit  operation  [15],  e.g.,  for  any  two 
quantities  £(t)  and  n(t): 


S(1w,T) 

H(ia),T) 


= /e'1a)t  C(t)  dt 
-T 

= /e'iajt  n(t)  dt 
-T 


D-25 


D-26 
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Applying  a similar  procedure  to  Eq.  D-22  then  leads  to  the  following 
relation  between  the  input  spectra  and  the  modal  response  spectral 
density  matrix: 


Eg  .... 

rr 


Ou>)]  [Ar]T 


D-27 


Assume  now  that  the  input  base  motions  are  uncorrelated  between 
reference  axes,  and  that  the  power  spectra  are  identical  for  each  axis. 

In  this  case,  the  input  spectral  density  matrix  reduces  to  a special  form, 


r“  “"1 

1 

0 

0 

r ....  (’“)  • gw 

0 

1 

0 

L T J 

0 

0 

1 

and  Eq.  D-27  can  be  simplified  to: 

[■»<’•>]  ‘ cv  CVT  [\]  °-29 


The  typical  coefficient  in  Eq.  D-29  is  a cross-spectral  density  between 
6m( t)  and  6n(t),  given  by: 


Gr  ft 

6rA 


mn  coefficient  of 
the  matrix  product 

[Ar]  [Ar]T 


x 


G(“)/Vn 


— 2 — 

— 2 — *i 

' - V 

1 - SSy  + 2ic 
c-  n a) 

“m  m_ 

co  n 

n M 

D-30 
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Hence,  numerical  computation  of  the  modal  spectral  density 

matrix  is  straightforward,  after  an  eigenvalue  analysis  has  been  executed 

_ 2 

to  determine  [U],  [\K\],  [\w  \]  and  when  the  rigid-body  modes  [UD]  have 

n k 

been  defined.  It  is  then  an  easy  step  to  obtain  response  spectra  for 
physical  quantities  of  interest.  For  example,  the  transformation  between 
displacements  (q } and  modal  responses  {0}  is  real-valued  and  static 
(Eq.  D-10).  Hence: 

[Gqq ( i cu) ] = [UD  [G68(1oj)]  [U]T  D- 

In  a similar  manner,  let  [J]  be  a logical  matrix  which  selects  a nodal- 
displacement  subset,  [J]  {q } , which  are  the  degrees  of  freedom  to  which  a 
given  element  is  coupled.  The  internal  loads  acting  on  the  element  are 
then  obtained  from  another  real-valued  static  transformation, 

{f}  = [k]  [J]  {q}  = [k]  [J]  [U]  {0}  = [A]  {0}  D- 

where  [k]  is  the  element  stiffness  matrix,  and  the  corresponding  response 
spectra  are: 


[Gff(io))j  = [A]  [G  (la.)]  [A]T 


4.  CALCULATION  OF  EXCEEDANCE  RATES 

If  a zero-mean  stationary  random  process  is  assumed  to  be  Gaussian, 
then  its  statistics  are  uniquely  determined  by  weighted  integrals  of  its 
power  spectral  density  [15].  Specifically,  let  x(t)  be  a Gaussian  random 
process  with  power  spectral  density  G (w).  Then  the  level  exceedance 

A A 

curve  for  x(t)  is  given  by: 

2 /?_2 

E(x)  = 1/2  vQX  e“X  ' x D-34 
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where  E(x)  is  the  number  of  upcrossings  of  the  level,  x,  per  unit  time 
(or  number  of  downcrossings  of  -x),  and  where: 


o2  = / Gxx(oj)  du  D-35 

1/2 

D-36 

A more  complicated  expression  involving  /“  (w)da>  has  been 
derived  for  peak  exceedances  [15].  However,  the  level  and  peak  exceedance 
curves  are  asymptotic  for  large  values  of  x/ax,  where  the  number  of  peaks 
per  unit  time  in  an  infinitesimal  band  at  level,  x,  can  be  approximated 
by  -dE(x)/dx. 

The  foregoing  concepts  can  be  applied  efficiently  to  finite- 
element  models  by  recognizing  that  the  spectral  density  integrations  can 
be  carried  out  at  the  modal  level.  Also,  since 

[GBg(ita>)]  = Re  [Geg(u)]  + 11m  [Ggg(u>)]  D-37 

where  the  real  and  imaginary  parts  are  symmetric  and  skew-symmetric,  respec- 
tively, the  numerical  procedure  can  be  reduced  to  integration  of  Re[GQO]  over 

PP 

a)  > 0.  Define: 

[S^}]  = / 2Re  [Ggg(u>)]  dm  [S<2)]  = / 2u>2  Re  [Ggg(u>)]  do.  D-38 

[S<°}]  = [U]  [S^]  [U]T  [S<2)]  = [U]  [S<2)]  [U]T  D-39 

[Sjj}]  = [A]  [S^]  [A]T  [s|2)]  = [A]  [S<2)]  [A]T  D-40 
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Then,  for  example,  [S^]  can  be  recognized  as  the  correlation  matrix  for 
the  nodal  displacements  q-j,  q^,  ....  q^: 


[S(0)] 

L qq  J 


P1 2al a2  a2 
p13ala3  p23a2°3 


plN°laN  p2Na2aN 


(Symmetric) 


a 


2 

3 


p3N°3aN 


D-41 


Also,  the  information  required  to  calculate  the  zero-crossing  rate,  v . for 

th  (2) 

q.  appears  in  the  j diagonal  of  [S' 

J HH 


[s(2)] 
L qq 


ir 


2 


(Plus  off- 
diagonal 
terms) 


(Symmetric) 


D-42 


^VoN)2 


The  matrices  [s|^]  and  [s|2^]  can  be  used  in  a similar  manner  for  the 
internal-load  exceedance  rates.  In  the  present  case,  cross-correlations 
are  of  no  interest.  Hence,  only  the  diagonal  terms  in  [S^], . . . ,[s|2^] 
need  be  computed. 


5. 


I 
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EXCITATION  INPUT  DATA 

Specification  MJS77-3-240  [5]  for  the  Mariner-Jupiter- Saturn 
mission  was  used  as  a guideline  for  the  present  investigation.  The  speci- 
fication included  random-vibration  input  spectra  based  on  a 1600  to  1800  lb. 
spacecraft  atop  a Titan-IIIC  booster,  a configuration  similar  to  the  hypo- 
thetical communications  satellite  launch  which  acts  as  a baseline  for  this 
study.  The  input  spectra  are  illustrated  in  Figure  D-l.  The  two  spectra 
shown  refer  to  different  locations  in  the  MJS  spacecraft.  The  specification 
calls  for  exposure  of  the  structure  to  the  same  spectrum  on  three  orthogonal 
axes,  but  makes  no  statement  about  cross-correlation  between  axes. 


FREQUENCY,  f (Hz) 

Figure  D-l.  Input  Spectra  (from  MJS77-3-240) 
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In  the  present  case,  two  somewhat  optimistic  assumptions  have 
been  combined  with  the  MJS  guidelines.  First,  it  has  been  assumed  that 
there  is  no  correlation  between  the  inputs  (condition  of  minimum  phase 
reinforcement)  because  of  the  lack  of  correlation  data  and  because  the 
analysis  procedure  is  simplified.  Second,  it  has  been  assumed  arbitrarily 
that  inputs  above  200  Hz  will  be  attenuated  by  the  spacecraft  structure 
between  the  booster  and  feed-truss  interfaces.  Hence,  the  spectral  analysis 
was  carried  out  only  in  the  frequency  range  2 < u/2tt  £ 200  Hz.  Both 
assumptions  should  be  re-examined  when  more  experimental  data  become 
available. 

6.  FINITE-ELEMENT  MODELS 

The  finite-element  models  of  the  ATS/3-Ring  and  Tripod-B  designs 
are  illustrated  schematically  in  Figures  D-2  and  D-3,  respectively.  The 
ATS/3-Ring  model  consists  of  64  elements  and  40  nodes  (240  degrees  of 
freedom)  with  the  first  8 nodes  (48  degrees  of  freedom)  constrained.  The 
Tripod-B  model  consists  of  30  elements  and  16  nodes  (96  degrees  of  freedom) 
with  the  first  three  nodes  (18  degrees  of  freedom)  constrained.  The  con- 
straints represent  the  antenna/spacecraft  interface,  at  which  the  base 
excitation  is  input. 

Coordinates  of  the  nodes  with  respect  to  the  axes  shown  in  the 
figures  are  presented  in  Tables  D-l  and  D-2.  The  section  properties 
assumed  for  the  elements  are  summarized  in  Tables  D-3  and  D-4.  Note  that 
because  all  element  cross-sections  are  assumed  to  be  circular,  the  section 
torsion  constant  is  simply  J = 21 . 


161 


? 

j 

i 

TABLE  D-l 

ATS/3-RING  NODAL  COORDINATES 

TABLE  D-2 

TRIPOD-B  NODAL  COORDINATES 


Node  No. 

X (in.) 

V (in.) 

Z (in.) 

1 

0.000 

45.033 

2 

78.000 

90.067 

3 

78.000 

0.000 

0.000 

4 

13.000 

45.033 

66.000 

5 

71.500 

78.809 

66.000 

6 

71.500 

11.258 

66.000 

7 

26.000 

45.033 

132.000 

8 

65.000 

67.550 

132.000 

9 

65.000 

132.000 

10 

39.000 

198.000 

11 

58.500 

198.000 

12 

58.500 

198.000 

13 

52.000 

45.033 

264.000 

14 

38.500 

68.416 

264.000 

15 

79.000 

45.033 

264.000 

16 

38.500 

21.651 

264.000 

l 


7.  RESULTS  OF  EIGENVALUE  ANALYSIS 

Eigenvalue  analyses  of  the  ATS/3-Ring  and  Tripod-B  designs  were 

conducted  with  the  parameters  shown  in  Table  D-5,  using  program  SFRAME 

_ o 

(Appendix  E).  A tolerance  parameter  e = 10  was  specified.  Hence,  the 
errors  in  the  computed  frequencies  which  have  converged  are  bounded  by 
+10  percent.  The  results  obtained  for  the  two  designs  are  given  in  Tables 
D-6  and  0-7.  Note  that  the  bending  and  rocking  modes  occur  in  pairs 
corresponding  to  motions  in  two  separate  vertical -lateral  planes.  The 
mode-shape  descriptions  are  interpreted  schematically  in  Figure  D-4. 


TABLE  D-5 

ANALYSIS  PARAMETERS 


^'"'^Design 

Parameter 

ATS/ 3- Ri ng 

Tripod-B 

Total  DOF  in  finite- 
element  model 

240 

96 

No.  DOF  Constrained 

48 

18 

No.  free  DOF 

192 

78 

No.  modes  in 

Subspace,  N' 

60 

40 

No.  modes  asked 
to  converge,  N" 

40 

25 

No.  modes  actually 
converged 

41 

40 

No.  Iterations 
completed 

7 

14 

168 


TABLE  D-7 


VIBRATION  ANALYSIS  OF  TRIPOD-B 


Mode 

Frequency  (Hz) 

Remarks 

1 

2.67 

First  Torsion 

2 

9.05-] 

9. 05J 

First 

3 

Bending 

4 

10.63-, 

1 0. 67J 

First  Top 

5 

Rocking 

6 

33.38 

Second  Bending 

7 

33.68 

Second  Torsion 

8 

34.69 

9 

34.91 

10 

45.50 

11 

46.08 

12 

65.68 

13 

65.69 

14 

91.65 

15 

91.65 

16 

94.32 

17 

145.6 

18 

145.6 

19 

157.4 

20 

174.7 

21 

190.8 

22 

191 .0 

23 

199.3 

24 

208.9 

25 

210.8 

26 

210.8 

27 

212 

Convergence  Still  OK 

28 

245 

29 

245 

30 

261 

31 

314 

32 

316 

33 

321 

34 

341 

35 

343 

36 

372 

37 

372 

38 

386 

39 

463 

40 

464 

FIRST  BENDING  SECOND  BENDING  FIRST  TOP-ROCKING  FIRST  TORSION 

ATS/3-RING  #1,2  TRIPOD-B  #6  TRIPOD-B  #4,5  (PLAN  VIEW) 

TRIPOD-B  #2,3  ATS/3-RING  #3 


=#= 

m 

i 

Q 

O 

eu 

M 

PS 

EH 


§ 

z 

O 

M o 

Eh  Z 

M 

U H 

33 

W PS 

H 

C/5 

PS 

C/5  W 
05  Csl 
O H 
PS  ^ 

U M 

VO 

— CQ 

< 

m 

05  Eh 

=*; 

W 05 

Q 

O ^ 

Q 

2 < 

Z 

O 

O 

O H 

u 

Z P- 

w 

H >H 

c/5 

M Eh 

M 


J Eh 
< < 
> 

O Z 

o o 

Z SB 
M 05 
PS 


Eh  m 

C n \ 

PS  C/5 

M Eh 

< 


i/> 

a> 

Q. 

<C 


O) 

T3 

O 

z: 


o 

o 


o 

to 


The  results  for  the  first  bending  modes  agree  well  with  previous 
estimates  obtained  by  computing  an  effective  stiffness  for  the  truss  from 
static  deflection  due  to  lateral  load  [1  ].  The  comparison  is  summarized 
in  Table  D-8.  Note  that  the  approximate  method  used  in  Reference  1 
failed  to  identify  the  lowest  natural  mode  for  Tripod-B,  a torsion  mode 
(see  Table  D-7). 


TABLE  D-8 

COMPARISON  OF  PRESENT  RESULTS  WITH 
APPROXIMATE  ESTIMATE  FOR  FIRST  BENDING  FREQUENCY 


^''''•v^Design 

Method 

ATS/ 3- Ring 

Tripod-B 

Present  eigenvalue 

6.99 

9.05 

analysis 

7.00 

9.05 

Approximate  static 
Estimate 

6.80 

10.7 

(Frequencies  in  Hz) 

Figures  D-5  and  D-6  illustrate  the  relationship  between  the 
natural  frequencies  of  the  two  designs  and  the  MJS  input  power  spectra. 

One  conclusion  which  can  be  drawn  immediately  from  these  plots  is  that  the 
first  few  modes  in  each  design  will  be  well  isolated  from  the  inputs. 
Hence,  the  presence  of  the  very  low-frequency  torsional  mode  in  Tripod-B 
is  not  of  great  concern  during  launch.  Nevertheless,  all  modes  obtained 
for  both  designs  were  included  in  the  subsequent  response  analyses. 
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Figure  D-5.  Comparison  of  ATS/3-Ring  Natural  Frequencies  with  MJS77  Design  Input  Power  Spectrum 


Figure  D-6.  Comparison  of  Tripod-B  Natural  Frequencies 
with  MJS77  Design  Input  Power  Spectrum 


8. 


RESULTS  OF  RESPONSE  ANALYSIS 


Response  analyses  of  both  designs  were  conducted  in  the  manner 
outlined  by  Eqs.  D-17  through  D-42,  but  with  modal  integration  restricted 
to  2 < f = (jj/2tt  < 200  Hz: 


[S 


(0)-. 

88  J 


200 

/ 2Re  [Gge(f)]  df 


[S 


200  , 

/ 2f  Re  [G30(f)]  df 


D-43 


Note  that,  with  the  frequency  domain  in  units  of  Hz,  Eq.  D-36  for  the  zero- 
crossing rate  must  be  replaced  by: 

(D-44)  vQ  = £ [/  f2G(f)  df]1/2  D-44 

These  analyses  were  conducted  with  program  SPECTRA  (Appendix  F).  The  same 
rules  for  assigning  damping  factors  to  natural  modes  were  applied  to  both 
designs,  as  indicated  in  Table  D-9. 


TABLE  D-9 

RULES  FOR  ASSIGNMENT  OF  MODAL  DAMPING 


Natural  Frequency 

f - & (HZ) 

Damping  Factor,  s 

0 < f < 10 

0.02 

10  < f < 35 

0.05 

35  < f < 110 

0.10 

110  < f 

0.20 

r 
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Tables  D-10  and  D-ll  summarize  the  results  obtained  for  displace- 
ment responses.  The  most  significant  data  pertain  to  lateral  deflections 
(XY  plane)  of  the  nodes  at  the  antenna  housing  support  points.  These 
deflections  can  also  be  assumed  to  represent  the  deflections  at  the  outer 
rim  of  the  antenna  housing,  where  clearance  inside  the  payload  fairing  must 
be  assured.  The  two  designs  can  be  comparatively  assessed  by  means  of 
first-passage  statistics  for  antenna  lateral  deflection.  Assuming  that  the 
larger  deflections  occur  independently  of  one  another,  exceedances  of  a 
given  amount  will  be  Poisson-distributed  in  time.  The  expected  time  to 
first  passage  of  a given  value  of  deflection,  x,  parallel  to  the  X-axis  is 
then  given  by: 


tFp  = 1/E(x) 


2 2 
i/'K 


sec 


ox 


D-  45 


Since  the  Titan-IIIC  first-stage  boost  phase  consumes  120  sec  [14],  the 
required  clearance  may  be  estimated,  e.g.,  by  designing  to  first  passage  in 
one  stage  time.  Substituting  tFP  1 20  sec,  and  vQ  = 274  sec"1  in  Eq.  D-45 
then  leads  to  x/ox  =4.4. 

However,  the  clearance  problem  is  not  as  simple  as  indicated  by 
Eq.  D-45  because  the  simultaneous  effects  of  lateral  displacements  x and  y 
must  be  considered.  Bounds  on  the  first-passage  value  of  radial  deflection, 


can  be  considered  by  examining  two  extreme  cases.  If  x and  y are  perfectly 
correlated,  then  r = x is  Gaussian  and  the  first-passage  value  is  given 
by: 


max 
rl  20 


4.4  ax  n 


D-  47 
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TABLE  D-10 


STANDARD  DEVIATIONS  (a)  AND  ZERO-CROSSING  RATES  (v  ) 
OF  DISPLACEMENTS  FOR  ATS/3-RING*  0 


D I S P 

LACE 

M E N T 

A L 0 l\ 

G AXIS 

* 1 

Y 

Z 

Location 

a 

vo 

a 

vo 

a 

vo 

Plane  of  first 
stabilizer  ring 

.402 

274 

.201 

274 

.0433 

.398 

274 

.201 

274 

.0429 

.193 

275 

.402 

274 

.0433 

274 

.193 

275 

.402 

274 

.0429 

274 

.398 

274 

.198 

274 

.0425 

274 

.398 

274 

.198 

274 

.0433 

274 

.197 

275 

.402 

274 

.0433 

274 

.197 

275 

.406 

274 

.0437 

274 

Plane  of  second 
stabilizer  ring 

m 

.510 

275 

H 

m 

v ■ 

.510 

275 

mrm 

■ns 

1 

1.055 

274 

.121 

274 

WMM 

K 7 

1.055 

274 

.122 

274 

1.055 

.510 

275 

.121 

274 

1.055 

274 

.510 

275 

.121 

274 

.510 

274 

1.055 

274 

.121 

274 

.510 

274 

1.063 

274 

.122 

274 

Plane  of  third 
stabilizer  ring 

1.302 

M 

.684 

1.291 

BSM 

.684 

.692 

275 

1.291 

275 

275 

.692 

275 

1.291 

275 

.143 

275 

1.294 

275 

.684 

275 

.144 

275 

1.294 

275 

.684 

275 

.143 

275 

.692 

275 

1.291 

275 

.143 

275 

.692 

275 

1.298 

275 

.144 

275 

Attachments  to 
antenna  housing 

.696 

.696 

275 

.696 

.696 

275 

.696 

275 

.696 

275 

.0518 

274 

.696 

275 

.696 

275 

.0518 

274 

.696 

275 

.696 

275 

.0518 

274 

.696 

275 

.696 

275 

.0518 

274 

.696 

275 

.696 

275 

.0518 

274 

.696 

275 

.696 

275 

.0518 

274 

♦Standard  deviations  in  inches. 
Zero-crossing  rates  per  second. 
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TABLE  D-ll 


' 

: 

j STANDARD  DEVIATIONS  (a)  AND  ZERO-CROSSING  RATES  (v  ) 

OF  DISPLACEMENTS  FOR  TRIPOD-B* 


DISPLACEMENT  ALONG  AXIS 

x I v 1 z - 


Location 

0 

vo 

0 

vo 

0 

vO 

Plane  of  first 

stabilizer  ring 

.150 

274 

.150 

273 

.0071 

267 

.150 

274 

.150 

273 

.0069 

267 

.150 

274 

.150 

273 

.0074 

270 

Plane  of  second 

stabilizer  ring 

.375 

273 

.376 

273 

.0282 

273 

.375 

273 

.377 

273 

.0287 

274 

.376 

273 

.377 

273 

.0284 

273 

Plane  of  third 

stabilizer  ring 

.452 

273 

.464 

274 

.0213 

272 

.460 

274 

.460 

273 

.0214 

273 

.460 

273 

.460 

273 

.0216 

273 

Apex  joint 

.358 

273 

.356 

272 

.0076 

254 

Attachments  to 

antenna  housing 

.440 

273 

.440 

272 

.0196 

270 

.444 

273 

.440 

272 

.0185 

266 

.440 

273 

.440 

272 

.0192 

268 

■^Standard  deviations  in  units  of 
Zero-crossing  rates  per  second. 

inches. 
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On  the  other  hand,  if  a = a , but  x and  y are  uncorrelated,  then 

x y 

r = /x2  + y2 

follows  a Rayleigh  distribution: 

F(r)  • 1 - e-r2/2ox  D-48 

In  this  case,  a first-passage  value  can  be  estimated  by  equating 
cumulative  distribution  values: 

1 - F (r™[j)  = 1 - * (^-^)  = 1 - * (4.4)  = 5.41  x 10"6  D-49 

where  0 is  the  cumulative  Gaussian  distribution.  The  results  of  these 
calculations,  summarized  in  Table  D-12,  indicate  that  the  Tripod-B  design 
requires  somewhat  less  clearance  than  the  ATS/3-Ring  design. 

TABLE  D-12 

RADIAL  CLEARANCE  REQUIRED  TO  AVOID  FIRST-PASSAGE  COLLISION 


"'^-■^^[les  i gn 

C L E A R A N 

C E (Inches) 

Bound 

ATS/3-Ring 

Tripod-B 

Uncorrelated, 

rMin 

120 

3.43 

2.18 

Correl ated. 

Max 
r 120 

4.33 

2.76 
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Tables  D-13  through  D-17  present  a survey  of  typical  statistics 
obtained  for  the  internal  loads.  Longeron  locations  near  the  end  attachments, 
stabilizer  rings,  and  (for  Tripod-B)  the  apex  joint  are  shown  in  Tables  D-13 
and  D-14.  Note  that  the  forces  and  moments  in  these  tables  are  given  in  the 
global  reference-axis  system  (see  Figures  D-2  and  D-3).  Tables  D-15  and  D-16 
cover  the  pin-joint  elements  used  to  model  the  stabilizers  and  (for  Tripod-B) 
the  antenna  supports.  Table  D-17  brings  together  the  most  highly  stressed 
locations  in  each  design  for  the  purpose  of  comparative  assessment  of  static 
margin  and  fatigue  damage  accumulation.  The  longeron  locations  in  Table  D-17 
are  described  in  terms  of  components  resolved  in  the  element  local -axis  system 
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TABLE  D- 1 4 


TABLE  D-15 


ATS/ 3- RING  TYPICAL  STATISTICS  FOR  AXIAL  FORCES  IN  STABILIZERS 


Location 

a (lb) 

vQ  (sec-1) 

First  Ring 

8 

282 

Second  Ring 

23 

267 

Third  Ring 

68 

259 

TABLE  D-16 

TRIPOD-B  TYPICAL  STATISTICS  FOR  AXIAL  FORCES 
IN  STABILIZERS  AND  ANTENNA  SUPPORTS 


Location 

a (lb) 

v0  (sec-1) 

First  Ring 

10 

325 

Second  Ring 

27 

353 

Third  Ring 

1461 

273 

Antenna  Supports 

3791 

272 

183 


9. 


STATIC  MARGINS 


Static  margins  for  preliminary  design  were  previously  based  on 
approximate  scaling  of  the  NASA  ATS-6  antenna-feed  truss  qualification  test 
loads  [1  ].  However,  better  estimates  for  the  maximum  applied  loads  can  now 
be  made  in  terms  of  first-passage  statistics.  Axial  compression  is  the 
critical  load  component  for  buckling,  and  the  combination  of  axial  load  plus 
bending  must  be  considered  for  a strength  check  on  the  longerons. 


Table  D-18  summarizes  the  comparisons  between  first-passage  axial 
loads  for  a 120-sec  boost,  4.4  ap,  and  Euler  buckling  loads  PCR.  The  latter 
were  obtained  by  scaling  the  value  PCR  = 29  KIPS  obtained  previously  for  the 
ATS/3-Ring  longerons  [1]  in  accordance  with: 


PjR  = PCR  <K)2  <f>  D-50 

for  other  members,  where  L is  the  unsupported  length  and  I is  the  section 
inertia  for  bending.  The  results  indicate  that  all  components  except  the 
Tripod-B  antenna  housing  supports  possess  adequate  margins,  although  the 
Pfp/PCr  ratios  are  higher  in  most  cases  than  was  allowed  in  preliminary 
design.  However,  the  value  Fpp/PCR  = .75  for  the  Tripod-B  antenna  housing 
supports  is  unacceptable.  An  acceptable  value  Ppp/PCR  = .375  could  be 
obtained  by  doubling  the  wall  thickness  of  these  components,  a design  change 
which  would  add  about  22  lb.  to  the  weight  of  the  structure. 


TABLE  D-18 

EXPECTED  FRACTION  OF  CRITICAL  BUCKLING  LOAD  ACHIEVED  AT  FIRST  PASSAGE 


First  Passage 

Buckling  Load 

Location 

PFp  = 4.40  ap  (KIPS) 

PCR  (KIPS) 

F /P 

FP'  CR 

ATS/3-Rinq: 

Longeron 

15.95 

29.00 

0.55  | 

Third  Stabilizer 

0.30 

2.44 

0.12 

Tripod-B: 

Longeron 

29.31 

61.50 

0.48 

Third  Stabilizer 

6.44 

12.68 

0.51 

Antenna  Support 

16.70 

22.20 

0.75 
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Strength-check  calculations  for  the  longerons  were  made  by 
combining  first-passage  loads  with  engineering  beam  theory: 


s"  = 

4.4 

Op/A 

D-51A 

s™  = 

4.4 

°M  Rmax/! 

D-51B 

= 

5t 

4.4 

°T  Wj 

D-51C 

_rp  — pp  — FP 

where  Sj,  , Sg  , and  ST  are,  respectively,  axial  tension  or  compression 
stress,  maximum  tension  or  compression  stress  due  to  bending,  and  maximum 
shear  stress  due  to  torsion,  and  where  A is  the  section  area,  I and  J the 
bending  and  torsion  inertias,  and  Rmax  the  outside  radius  of  the  tube.  In 
addition,  stress  concentration  factors  (SCF)  between  1.5  and  2.5  for  axial 
and  bending  stress  were  assumed  to  account  for  possible  effects  of  the 

metal  joint  which  attaches  the  longeron  to  the  spacecraft.  The  results  are 
summarized  in  Table  D-19. 

It  is  apparent  that  the  applied  torque  makes  only  a small  contri- 
bution to  the  stress  state.  Also,  the  axial  stresses  alone  would  be  well 
within  the  allowables  for  both  designs.  However,  an  in-phase  combination 
of  axial  and  bending  stresses  exceeds  the  design  allowables  for  both 
ATS/3-Ring  and  Tripod-B,  and  exceeds  static  ultimate  strength  for  ATS/3- 
Ring  as  well.  To  remedy  the  latter  situation  while  maintaining  Ppp/pCR 
ratios  constant  would  require  a 19  percent  increase  in  the  longeron  wall 
thickness,  or  about  18  lb.  weight  added  to  the  ATS/3-Ring  structure. 

Finally,  it  should  be  noted  that  the  steady-state  contribution  to 
axial  loading  in  the  longerons  has  been  neglected.  This  is  reasonable  in 
view  of  the  relative  orders  of  magnitude  involved.  For  example,  assuming 
that  the  steady  acceleration  is  lOg  along  the  truss  Z-axis,  and  recognizing 
that  the  total  hardware  weights  above  the  spacecraft  (antenna  hardware  plus 
feed  truss)  are  approximately  640  and  589  lb.,  respectively,  for  ATS/3-Ring 
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D E S I G 

N 

Item 

ATS/ 3- Ring 

Tripod-B 

Material 

High-modulus  Gr/E 

High  Strength  Gr/E 

Static  Strength,  s$ 

(ksi ) 

100 

180 

Design  Allowable, 

0.6  ss 

(ksi ) 

60 

108 

First-Passage  (120-sec) 
stresses: 

_FP 

Axial,  Sp 

(ksi) 

22.0 

31.2 

Bending,  sjjP 

(ksi) 

42.8 

21.0 

Shear,  S^P 

(ksi) 

1.4 

2.8 

ip  + iB 

(ksi) 

64.8 

52.2 

(S^P  + S^P)  (SCF=1 .5) 

(ksi) 

97.2 

78.3 

(sJP  + s£P)  (SCF=2.0) 

(ksi) 

129.6 

104.4 

(sJP  + S™)  (SCF=2. 5) 

(ksi) 

162.0 

128.0 

and  Tripod-B,  the 

steady  axial 

load  per  longeron  is  given  by: 

PST 

6400 

= 808  lb.  (ATS/3-Ring) 

D-52A 

8 x 0.9905 

PST 

5890 

= 2,001  lb.  (Tripod-B) 

D-52B 

3 x 0.9811 

where  the  factors  0.9905  and  0.9811  are  the  direction  cosines 

Z-axis  and  the  longeron  axes  in  the  two  designs.  Thus,  it  can 
the  steady  contribution  is  small  compared  to  the  first-passage 

between 

be  seen 

load: 

the 

that 

PST/PFP 

= 0.051 

(ATS/3-Ring) 

D-53A 

PST/PFP 

= 0.068 

(Tripod-B) 

D-53B 

10.  FATIGUE  DAMAGE  ESTIMATES 

The  Palmgren-Miner  linear  damage-summation  hypothesis  [59,60]  is 
still  widely  used  in  the  aerospace  industry  as  a design  screening  tool.  If 
a material  is  subjected  to  stationary  random  loading,  the  Palmgren-Miner 
rule  can  be  adapted  to  formulate  an  expected  damage  accumulation  rate: 


dD/dt 


P(sa>  dsa 

N<V  sm> 


0-54 


where  p(s  ) is  the  expected  rate  of  occurrence  of  peaks  in  an  infinitesimal 

a 

band  adjacent  to  the  stress  amplitude  s . and  where  N(s  . si  is  the  number 

a am 

of  constant-amplitude  cycles  to  failure  at  amplitude  s in  the  presence  of 

a 

a given  mean  stress,  sm.  Strictly  speaking,  Eq.  D-54  should  be  applied  only 
to  narrow-band  processes,  where  there  exists  a reasonably  clear  relation- 
ship between  peak  occurrences  and  the  occurrence  of  stress  cycles  which  will 
actually  cause  damage.  However,  since  design  screening  is  often  limited  to 
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order-of-magnitude  estimates,  and  since  the  designs  are  generally  such 
that  only  the  seldom-occurring  peaks  will  contribute  significant  damage, 
it  is  reasonable  to  use  Eq.  D-54  for  broadband  processes,  and  at  the  same 
time  to  invoke  the  asymptotic  approximation  for  the  peak  distribution  (see 
Section  D.4): 


dD/dt 


CO 

f 

0 


-dE(s  )/ds 

n<v  y ds* 


where 


E(sa> 


1/2  v 


oa 


-s2 /2a 

a 


2 

a 


D-55 


D-56 


for  a Gaussian  stationary  process.  If  it  is  also  assumed  that  during  a 
finite  operating  time  (e.g.,  the  120-sec  Titan-IIIC  boost)  enough  cycles 
occur  to  justify  neglecting  transients,  then  Eq.  D-55  can  be  interpreted 
as  a total  damage  accumulation  when  v is  expressed  in  units  of  (total 

- 1 03 

time)"  in  Eq.  D-56. 

The  foregoing  approximations  have  been  adopted  here  as  a conven- 
ient means  of  making  a comparative  assessment  of  the  ATS/3-Ring  and  Tripod-B 
designs.  The  approach  taken  below  is  to  begin  with  exceedance  curves  for 
the  axial  load,  P,  or  stress  Sp,  to  adjust  those  curves  to  reflect 
bending  stress  Sg  (assumed  to  be  perfectly  correlated  with  Sp)  and  to 
account  for  stress  concentration  where  a longeron  enters  a metal  attachment 
fitting.  Typical  axial-load  exceedance  curves  for  a 120-sec  boost  are 
illustrated  in  Figure  D-7.  The  spectrum  magnification  factors  are  obtained 
from  Table  D-19  as: 


y 


+ /p 


(SCF) 


D-57 


with  the  results  given  in  Table  D-20.  The  peak  distributions  in  terms  of  un- 
magnified occurrences  are  summarized  as  staircase  approximations  in  Table  D-21 . 
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TABLE  D-20 


I 


SPECTRUM  MAGNIFICATION  FACTORS  (y) 


SCF 

D E S I 

G N 

ATS/3- Ring 

Tripod-B 

1.5 

4.42 

2.51 

2.0 

5.89 

3.35 

2.5 

7.36 

4.10 

TABLE  D-21 


APPROXIMATE  PEAK  DISTRIBUTIONS  (y=l ) 


PEAK  L 0 

A D (lb) 

Step 

Occurrences*,  n 

ATS/3-Ri ng 

Tripod-B 

1 

360 

725 

1,332 

905 

1,450 

2,665 

1,442 

2,175 

3,997 

1,798 

2,900 

5,330 

1.957 

3.625 

6,662 

6 

1,972 

4,350 

7,994 

7 

1,825 

5,075 

9,327 

8 

1,610 

5,800 

10,659 

9 

1,315 

6,525 

11,992 

10 

1,029 

7,250 

13,324 

11 

764 

7,975 

14,656 

in  ^ 

541 

8,700 

15,989 

its 

363 

9,425 

17,321 

14 

232 

10,150 

18,654 

15 

144 

10,875 

19,986 

84 

|il 

48 

■ ,1 

■ 

mm 

26 

Ktfl 

13 

25,316 

mJm 

6 

26,648 

4 

15,225 

1 

15,950 

*Total  occurrences  expected  for  120-sec  boost. 
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Existing  data  on  the  fatigue  behavior  of  graphite/epoxy  laminates 
[17,18]  had  to  be  extrapolated  in  the  present  investigation,  in  order  to 
define  the  denominator  of  Eq.  D-55.  The  referenced  data  were  obtained  in  a 
series  of  carefully  controlled  experiments  with  T300/Fiberite-934,  with  two 
stacking  sequences  tested  at  two  different  fixed  values  of  minimum  stress. 
Some  pertinent  details  are  reproduced  in  Table  D-22,  together  with  the  50- 
percentile  fatigue  stresses  at  106  cycles. 

The  equivalent  data  for  mean  and  alternating  stresses  are  plotted 
cn  a nondimensional  Smith  diagram  in  Figure  D-8.  Also  shown  for  comparison 
are  the  truss  exposures,  including  a small  mean  component  due  to  an  assumed 
1 Og  steady  acceleration  along  the  Z-axis.  It  is  apparent  that  the  exposure 
spectrum  can  be  treated  for  practical  purposes  as  fully  reversed  (s  = 0). 
Linear  extrapolations  have  been  made  from  the  T300/Fi beri te-934  test  data 
to  obtain  intercepts  for  fully  reversed  loading,  and  these  intercepts  have 
in  turn  been  linearly  extrapolated  to  obtain  a point  at  10^  cycles  on  the 
s - N curve  for  fully  reversed  loading  of  unidirectional  material. 

a 

Finally,  it  has  been  assumed  that  a linear  relationship  exists  between 
log  (s  ) and  log  (N)  to  construct  the  s3  - N curve  shown  in  Figure  D-9.  It 

a a 

must  be  strongly  emphasized  that  there  is  no  physical  justification  for  the 
foregoing  extrapolation  procedure,  and  that  the  result  in  Figure  D-9  should 
not  be  taken  seriously  beyond  its  role  of  providing  a comparative  evaluation 
in  a design  study. 

The  data  in  Tables  D-17,  D-19,  D-20,  and  D-21  as  well  as  Figure 
D-9,  have  been  combined  to  produce  the  expected  fatigue  damage  summations 
presented  in  Table  D-23.  Of  the  five  cases  considered,  the  ATS/3-Ring 
design  with  high-modulus  material  in  the  longerons  stands  out  as  an  obvious 
failure.  This  result  merely  reconfirms  the  assessment  based  on  static 
margins  (see  Section  D.9). 
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TABLE  D-22 

RESULTS  OF  LAMINATE  FATIGUE  TESTS* 


Property 


STACKING  SEQUENCE 


[0/45/90/-452/90/45/0]s 


[0/45/02/-45/0]2S 


Percent  0°  Plies 


Static  Strength, 


s$  (ksi ) 


(ksi) 


Zero-tension  test 
to  10^  cycles: 

<ksi) 

Equivalent  Stresses: 
sa  (ksi) 

(ksi) 


m 


Tension-Compression 
test  to  10°  cycles: 


25 

69 

42 

21 
21  ' 


67 

140 

80 

40 

40 


Smax 

(ksi) 

42 

70 

smin 

(ksi) 

-16 

-30 

Equivalent 

Stresses: 

sa 

(ksi) 

29 

50 

sm 

(ksi) 

13 

20 

*From  references  17,18. 


Figure  D-8.  Smith  Diagram  and  Extrapolation 
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Step  keyed  to  Table  D-21. 


The  remaining  cases  compare  the  two  designs  with  the  same  (high- 
strength)  graphite/ epoxy  in  the  longerons,  i.e.,  18  lb.  weight  added  to 
ATS/3-Ring  but  Tripod-B  unmodified.  The  following  conclusions  can  be  drawn 
from  these  results: 

1)  Fatigue  damage  accumulation  during  launch  can  be 
rendered  insignificant  by  careful  design  of  the  end- 
attachment  fittings,  i.e.,  to  achieve  the  low  SCF 

of  1.5.  In  this  case,  it  is  immaterial  if  the  fatigue 
calculations  are  unconservative  by  an  order  of  magnitude. 

2)  However,  adhievement  of  SCF  =1.5  may  be  difficult  or 
may  create  other  design  problems.  Achievement  of  SCF  = 

2 may  be  a much  more  reasonable  goal,  and  in  this  case 
the  accuracy  of  the  fatigue-damage  estimates  and  small 
differences  between  the  two  designs  become  important. 

3)  The  "design  to  cost”  philosophy  should  not  be  applied 
uncritically  to  the  longeron/end-fitting  detail.  An 
inexpensive  design  might  result  in  SCF  > 2,  with 
attendant  launch-survival  reliability  problems  for  the 
structure. 

4)  The  modified  ATS/3-Ring  design  appears  to  possess  better 
fatigue  resistance  than  the  unmodified  Tripod-B.  It  is 
likely,  but  not  certain,  that  this  trend  would  be 
preserved  if  Tripod-B  were  also  modified,  as  suggested 
in  Section  D.9,  to  improve  its  static  buckling  margins. 

5)  The  fatigue  resistance  of  the  Tripod-B  apex  joint  has  not 
been  addressed  because  of  the  relatively  low  load  levels 
at  that  location.  However,  the  apex  joint  must  remain  a 
matter  of  concern  until  the  associated  SCF  can  be  properly 
evaluated. 


197 


APPENDIX  E 


I 


TRUSSWORK  FINITE-ELEMENT  MODEL 

1 . GENERAL 

Displacements  and  internal  loads  in  the  antenna-feed  truss 
structure  are  computed  using  a finite-element  model  consisting  of  generali- 
zed bending-stretching-torsion  beam  elements  for  the  longerons  and  pin- 
jointed  bar  elements  for  the  lateral  rings.  Static  and  dynamic  analyses 
of  the  model  are  conducted  by  the  Matrix  Displacement  Method,  using 
subspace  iteration  for  modal  vibration  analysis.  This  appendix  documents 
program  S FRAME,  which  drives  the  MIT  Aeroelastic  and  Structures  Research 
Laboratory  FEABL-5/EGL  software  [58]  to  carry  out  these  calculations.  The 
program  makes  no  assumptions  about  the  truss  configuration.  Hence,  it  can 
be  used  to  analyze  large  space  structures  other  than  communications 
satellite  antenna-feed  trusses. 

Program  architecture  is  illustrated  in  Figure  E-l.  A dummy 
MAIN  program  provides  the  required  DIMENSION  and  EQUIVALENCE  declarations. 
Reading  of  input  data,  model  assembly  and  solution,  and  output  to  printer 
and  FORTRAN  files  are  accomplished  in  subroutine  SFRAME. 

EGL  element  STIF2M  (Figure  E-2)  is  used  to  model  the  longerons. 
Although  STIF2M  can  accommodate  asymmetric  sections,  its  use  in  the  present 
investigation  has  been  limited  to  circular  sections  (Iyy  = Izz,  I = 0). 
Stiffness  and  mass  matrices  for  the  pin-joint  elements  representing  the 
lateral  rings  are  computed  directly  in  subroutine  SFRAME.  If  the  coor- 
dinates of  the  element  nodes  are  defined  as  shown  in  Figure  E-2,  direction 
cosines  C^.Cy.C^  between  the  element  axis  and  the  global  reference  axes 
can  be  calculated  from: 
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SFRAME  Architecture 
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Calculations  executed  by  subroutine  ST1F2M  produce  the  following 
quantities  in  the  global  reference  coordinate  system  XYZ: 


[k]  = Element  stiffness  matrix 

[m]  = Consistent  mass  matrix 

{Q}  = Consistent  nodal  forces  corresponding  to  given 
weight  per  unit  length,  acting  in  -Z  direction 

{R}  = Rotation  transformation  matrix  from  local  to 

global  reference  frame: 

(Q)  = [R]  (q)  {Q } » {q } = forces  or 

displacements 


Figure  E-2.  Element  STIF2M 
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— J 


where 


where  E is  Young's  modulus,  A is  the  element  cross  section  area,  and  p 
is  the  mass  per  unit  length. 


2. 


DATA  INPUT  CONVENTIONS 


Program  data  input  permits  analysis  of  any  number  of  consecutive 
cases  (all  static  or  all  dynamic)  in  a single  run.  If  consecutive 
structures  are  similar,  the  input  data  can  be  updated  rather  than  com- 
pletely repeated,  subject  only  to  one  restriction  noted  below.  The 
input  data  are  subdivided  into  nine  groups,  each  of  which  is  identified 
by  a heading  card  in  the  following  format: 


KEYW,  N-j , N2,  F,  TITLE 


( A4 , 6X , 2 1 5 , E 1 0 . 3 , 1 OX , 1 0A4 ) 


KEYW  - Alphanumeric  keyword  to  identify  the  group. 
N1  - Integer,  right-justified  to  card  column  15 
N2  - Integer,  right-justified  to  card  column  20 
F - Floating-point  number  in  columns  21-30 


TITLE  - Any  alphanumeric  information,  by  which  the 
user  may  wish  to  identify  the  group,  in 
columns  41-80. 


The  interpretation  of  N-| , N2  and  F varies.  Details  of  the  data  input  for 
each  group  are  as  follows. 


Group  1 (Internal  Option,  Dynamic  or  Static) 

KEYW  = I0DY 

N-j  = 0 or  1 (static  analysis) 

or  2 (dynamic  analysis) 

N2,F  - Not  used. 

There  are  no  other  cards  in  Group  1.  Do  not  repeat  this  group  for  subse- 
quent cases  in  the  same  run. 
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Group  2 (Nodal  Information 
KEYW  = N0DE 


I 


N-j  = Total  number  of  real  nodes  in  the  model 
N2  = Total  number  of  phantom  nodes 
F - Not  used 

Phantom  nodes  are  permitted  for  convenience  in  defining  the 
orientation  of  beam  elements  with  respect  to  the  global  axes  XYZ  (Figure 
E-2),  i.e.,  they  provide  coordinate  reference  points  but  are  not  assembled 
into  the  finite-element  model.  Program  dimensions  permit  N-j  + N2  £ 150. 
The  Group  2 heading  card  must  be  followed  by  N-j  + N2  coordinate  cards 
identifying  the  nodes  in  ascending  order: 


M,  X,  Y,  Z,  T 


(15,  4E15.7) 


M = Node  number 

X,Y,Z  = Global  coordinates  of  the  node 
T = Temperature  at  the  node 

Node  numbers  may  not  be  skipped,  i.e.,  node  numbers  1,2,...,N-|  must  be 
used  for  the  real  nodes,  followed  by  N-j  + 1,  N-j  + 2 , . . . N-j  + N2  for  the 
phantom  nodes. 

Group  3 (Element  Information) 

KEYW  = ELEM 

N-j  = Total  number  of  elements 
N^.F  - Not  used 

Program  dimensions  permit  N-j  £ 150.  The  heading  card  for  Group  3 
must  be  followed  by  N1  cards  identifying  elements  1,2,...,N^  in  ascending 
order : 


M,  LPR,  ND1,  ND2,  ND3 


(515) 
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M = Element  number 

LPR  = Reference  number  for  element  properties  table 

ND1.ND2  = Real  node  numbers  to  which  element  is  connected 

ND3  = Element  orientation  node  number  (Figure  E-2) 

The  element  orientation  node  may  be  either  a real  node  or  a phantom  node. 
ND3  need  not  be  defined  for  pin- joint  elements. 


Group  4 (Element  Property  Types) 

KEYW  = TYPE 

N-j  = Total  number  of  different  property  types 
N£»F  - Not  used 

Program  dimensions  permit  N-|  £ 50.  The  heading  card  for  Group  4 
must  be  followed  by  N-j  sets  of  three  cards  identifying  property  types  LPR  = 
1,2,...,N-|  in  ascending  order: 


M,  L,  EL,  ALFA 


(215,  50X,  2E10.3) 


M = Property  type  number 

L = 1 (pin- joint  element) 
or  2 (beam  element) 

EL  = Effective  length  of  element 

ALFA  = Coefficient  of  linear  thermal  expansion 


E,  G.  A,  0.  Iyy,  Iz2,  ly2,  W 


(8E10.3) 


E = Young  1 s modulus 

G = Shear  modulus 

A = Cross  section  area 
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^y^zz’^yz 


0 


= Section  area  inertias  for  bending  (Figure  E-2) 
= Section  weight  per  unit  length 
(E10.3)  = Section  mass  per  unit  length 


Properties  G,J,I  ,1  ,1  are  used  only  by  beam  elements  (L  = 2). 

yy  zz  yz 

Values  of  W are  used  to  produce  nodal  forces  in  the  -Z  direction  for  static 
analysis.  Values  of  D are  used  to  produce  the  element  mass  matrix. 

Group  5 (Constraints  Information) 

KEYW  = C0NS 

N-j  = Number  of  nodes  at  which  one  or  more  degrees 

of  freedom  will  be  constrained 

N^.F  = Not  used 

The  heading  card  for  Group  5 must  be  followed  by  N^  cards  to 
identify  the  specific  degrees  of  freedom  to  be  constrained: 


M,  10(1),  10(2),  ID(3),  ID(4),  ID(5),  ID(6) 


(715) 


M = Node  number 

ID(I)  =0  (degree  of  freedom  not  constrained) 

or  1 (degree  of  freedom  constrained) 

The  convention  for  degrees  of  freedom  at  each  node  is  shown  in  Table  E-l. 
The  program  permits  up  to  50  degrees  of  freedom  to  be  constrained.  In 
addition  to  the  physical  constraints  on  the  structure,  DOF  4,5,6  should  be 
constrained  at  any  node  to  which  only  pin-joint  elements  are  connected. 
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TABLE  E-l 


DOF  CONVENTION 


DOF  No. , 1= 

Interpretation 

1 

Displacement  parallel  to  X 

2 

Displacement  parallel  to  Y 

3 

Displacement  parallel  to  Z 

4 

Rotation  about  X 

5 

Rotation  about  Y 

6 

Rotation  about  Z 

XYZ  = Global 

Reference  Axes 

Group  6 (Static  Loads) 

KEYW  = Load 

N-j  = Number  of  nodes  at  which  loads  will  be  placed 

N2>F  - Not  used 

The  heading  card  for  Group  6 must  be  followed  by  N-j  cards  to 
identify  the  loads  associated  with  the  degrees  of  freedom  at  each  loaded 
node: 


M,  Q ( 1 ) » Q(2) , Q(3) , Q(4) , Q(5),  Q(6) 


(15,  5X,  6E10.3) 


M = Node  number 

Q(I)  = Value  of  load  corresponding  to  Ith  degree  of 

freedom 
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Loads  corresponding  to  displacements  are  interpreted  as  concentrated  forces. 
Loads  corresponding  to  rotations  are  interpreted  as  concentrated  moments. 
(See  Table  E-l  for  interpretations  of  DOF.)  Group  6 may  be  omitted  entirely 
for  dynamic  analysis  (Option  2 in  Group  1),  and  for  static  analyses  of 
thermal -stress  effects  only.  The  program  permits  up  to  50  individually 
prescribed  loads. 

Group  7 (Temperature  Update  Information) 

KEYW  = TEMP 

N-j  ,N2,F  - Not  used 

Group  7 is  optional.  It  allows  the  user  to  change  the  temper- 
ature field  on  the  structure  for  parametric  study  of  loads  induced  by 
thermal  deformations.  The  heading  card  for  Group  7 must  be  followed  by 
one  card  for  each  real  node,  in  ascending  order: 

|M,  T | (15,  45X,  El  5 . 7 ) 

M = Node  number  (same  as  in  Group  3) 

T = Revised  temperature  at  the  node 

Group  7 can  be  used,  e.g.,  for  parametric  studies  of  an  orbiting 
space  structure.  The  element  connections,  node  locations,  properties,  etc. 
remain  fixed,  but  several  different  temperature  fields  must  usually  be 
studied  to  assess  the  effects  of  different  orientations  of  the  structure 
with  respect  to  the  sun.  Thus,  the  user  may  run  a sequence  of  cases  in 
which  the  finite-element  model  is  defined  in  the  first  case,  while  only 
revised  temperature  data  are  input  for  subsequent  cases.  When  Group  7 is 
input,  the  nodal  temperature  data  in  Group  2 will  be  overwritten,  and  the 
first  20  characters  of  the  Group  2 heading  card  title  will  be  overwritten 
by  the  first  20  characters  of  the  Group  7 heading  card  title. 
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Group  8 (Eigenvalue  Analysis  Parameters] 


N1  = Number  of  eigenvalues  (natural  frequencies) 

for  which  convergence  is  desired 

N^  = Maximum  number  of  iterations  allowed 

F = Convergence  tolerance 

There  are  no  other  cards  in  Group  8.  Program  dimensions  permit 
Nj  < Minimum  of  (60,  total  number  of  unconstrained  degrees  of  freedom). 

The  N.|  lowest  inodes  will  be  converged.  The  N-j  lowest  frequencies  and  mode 
shapes  will  be  printed;  for  the  higher  modes  frequencies  only  will  be 
printed  for  modes  N-j  + 1 * N-j  + 2,..., 60.  Values  of  10  £ N^  £ 20  iterations 
and  10'4  £ F £ 10 tolerance  are  recommended.  For  converged  modes,  the 
numerical  error  in  the  estimate  for  natural  frequency  will  be  / F.  Group  8 
may  be  omitted  entirely  in  static  analysis  runs. 

Group  9 (Run  Command) 


NrN2 


- Not  used 


F = Reference  temperature,  TR 

There  are  no  other  cards  in  Group  9.  Group  9 must  be  included 
in  the  input  for  every  case,  and  must  be  physically  the  last  data  group  for 
the  case.  For  static  analyses,  TR  is  assumed  to  be  the  (uniform)  tempera- 
ture at  which  the  structure  is  stress-free.  Thermal  deformations  and  loads 
will  be  calculated  based  on  internally  computed  temperature  changes  AT  = 

T - TR  at  each  real  node. 
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3. 


REQUIREMENTS  FOR  PERMANENT  STORAGE  FILES 


Program  SFRAME  will  store  the  results  of  an  eigenvalue  analysis 
on  four  permanent  sequential-access  files,  which  must  be  properly  defined 
by  job  control  language  instructions  compatible  with  the  procedures  in 
effect  at  the  user's  computing  facility.  The  FORTRAN  unit  numbers  and  file 
attributes  are  summarized  in  Table  E-2.  If  a sequence  of  cases  is  being 
run,  only  the  results  of  the  last  case  will  be  permanently  filed.  These 
data  can  be  accessed  subsequently  by  program  SPECTRA  (Appendix  F)  to 
compute  response  power  spectra  and  exceedance  rates. 


TABLE  E-2 

REQUIRED  FILE  ATTRIBUTES 


FORTRAN 
Unit  No. 

Data 

Format 

No.  Words/ 
Record 

No.  of 
Records* 

10 

Unformatted 

20 

108 

11 

Unformatted 

60 

202 

12 

Unformatted 

100 

201 

13 

Unformatted 

210 

100 

♦Number  of  records  required  for  models  with  up  to 
100  elements  and  200  unconstrained  degrees  of 
freedom;  up  to  60  natural  modes  allowed. 

210 


r 


1 


The  data  files  are  not  used  for  static  analysis  and  need  not  be 
created  to  run  static  cases.  If  the  user  does  not  intend  to  execute  a 
response  analysis  following  the  eigenvalue  solution,  the  data  files  are  not 
required  and  need  not  be  created.  However,  subroutine  SFRAME  must  be 
modified  to  prevent  the  program  from  attempting  to  write  the  files  when 
executing  a dynamic  analysis.  The  necessary  modifications  are  as  follows: 

1)  Place  a "C"  in  column  1 of  the  card  identified 
by  the  word  "FILES"  in  columns  73-80. 

2)  Delete  the  "C"  from  column  1 of  the  card  identified 
by  the  word  "STOPFILE"  in  columns  73-80. 


4.  DIMENSION  REQUIREMENTS 

The  dimension  requirements  for  program  SFRAME  are  given  here  to 
permit  redimensioning  for  larger  or  smaller  finite-element  models.  The 
auxiliary  vectors  and  arrays  in  the  dummy  MAIN  program  should  be  dimension- 
ed as  follows: 

STIF(M) , EMASS(M) , DSTIF(M) , DEMASS (M ) , I NC0NV (M0DES ) , 
EV(M0DES*M0DES) , T(M0DES,M0DES) , AM(M0DES,M0DES) , 

ASQ(M0DES) 

where: 

M0DES  = Total  number  of  modes  included  in  the 
eigenvalue  analysis 

M = M0DES*(M0DES+1  )/2 

As  a general  rule,  more  modes  should  be  included  in  the  analysis  than  the 
number  for  which  convergence  is  desired: 

N + 3 < MODES  < 2N 

i where  convergence  is  desired  for  the  N lowest  modes. 
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The  dimension  of  vectors  RE  and  IN  may  need  to  be  increased, 
depending  upon  the  number  of  nodes  in  the  model  and  the  nature  of  its 
element  interconnections.  Also,  a larger  dimension  will  be  required  for 
dynamic  than  for  static  analysis  of  the  same  model.  If  redimensioning  is 
necessary,  the  correct  dimension  will  be  indicated  in  an  error  message 
printed  automatically  by  the  program  when  execution  is  attempted. 

If  dimensions  are  changed  in  the  MAIN  program,  the  accompanying 
DATA  statement  must  also  be  changed  to  agree  with  the  current  dimensions: 

DATA  LENGTH,  NSPACE/IDIM.M0DES/ 

where  IDIM  is  the  dimension  assigned  to  vectors  RE  and  IN.  The  value  IDIM 
will  be  used  by  the  program  to  check  dimensional  adequacy. 

Subroutine  SFRAME  contains  a number  of  internal  vectors  and 
arrays  which  must  be  redimensioned  if  the  user  wishes  to  exceed  the 
restrictions  stated  in  Section  E.2.  If  N > 1 50  total  (real  plus  phantom) 
nodes  are  wanted,  modify  the  dimensions  of  the  following  variables: 

X ( N ) , Y(N),  Z(N),  TMP(N) 

If  models  containing  M > 150  elements  are  wanted,  modify  the  dimensions  of 
the  following  variables: 

NDPE(M) , NDPR(M)  MCPL(M,4),  LPARM(M) 

If  K1  > 50  different  sets  of  element  properties  are  wanted,  modify  the 
dimensions  of  the  following  variables: 

LTYP(Kl),  PR(K1 ,9) , ALFA(Kl),  ELENGT(Kl) 


< 
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If  K2  > 50  degrees  of  freedom  are  to  be  constrained,  modify  the  dimension 
of: 


NCD(K2) 

If  K3  > 50  nodal  loads  are  to  be  applied  to  the  structure,  modify  the 
dimensions  of: 

NLD(K3) , FQ(K3) 

5.  CORE  REQUIREMENT  AND  EXECUTION  TIME 

Core  memory  requirements  and  execution  time  will  vary,  depend- 
ing upon  the  analysis  option  (static  or  dynamic),  the  model  size  (total 
nodes  and  interconnection  pattern),  the  efficiency  of  the  FORTRAN  complier 
program  at  the  user's  computing  facility,  and  the  input/output  buffer 
requirements  for  permanent  files.  The  statistics  summarized  in  Table  E-3 
reflect  experience  with  an  IBM  S-370/168  under  a VM  operating  system. 
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TABLE  E-3 

TYPICAL  CORE  AND  CPU  TIME  REQUIREMENTS 


APPENDIX  F 


SPECTRAL  ANALYSIS  PROGRAM 

1.  GENERAL 

Program  SPECTRA  executes  response  analyses  of  antenna-feed  truss 
structures  subjected  to  three-axis  stationary  random  base  excitation 
assumed  to  possess  the  following  properties: 

1)  Identical  power  spectrum  for  each  axis; 

2)  No  correlation  between  axes;  and 

3)  Gaussian  processes. 

It  is  further  assumed  that  the  input  spectrum  refers  to  accelerations. 
Typical  sets  of  consistent  physical  units  for  the  truss  finite-element  model 
and  the  input  spectrum  are  shown  in  Table  F-l. 

Program  organization  is  indicated  in  Figure  F-l.  Retrieval  of 
modal  data  from  the  permanent  files  created  by  program  SFRAME,  establishment 
of  the  input  power  spectrum  2G(f)  at  several  points,  and  the  matrix  opera- 
tions and  integrations  are  carried  out  in  MAIN  program  SPECTRA.  Function 
subprogram  PSD  is  called  during  the  integration  to  evaluate  2G(f)  by  linear 
interpolation  in  logarithmic  coordinates: 

Gi  log10(f/fi-l) 

log10[2g(f)]  - log10(2G._1)  + log1Q(g— Tog^TfT/fTTjT  p-1 

where  G^  = G(f^_^);  Gi  = G ( f . ) ; and  f._i  < f < f . . Seven  pairs  of  values 
(log-igf-j,  l°9-|oGi)  are  defined  program  SPECTRA  in  common  block  SPCTRM. 

These  points  describe  the  MJS  "other  assemblies"  spectrum  (Figure  D-l,  in 

O 

Appendix  D)  between  1.05  Hz  and  1750  Hz  in  nondimensional  units  of  g /Hz. 

To  maintain  consistency  of  physical  units,  the  Gi  values  should  be  scaled  by 
the  following  before  using  the  program: 


g2  = (386. 4)2  in2/sec4  (English)  F-2A 

_ /ft  on*7\2  ^2  / 4 »-  on 


TABLE  F-l 
CONSISTENT  UNITS 


Quantity 


Nodal  coordinates; 
element  lengths 

Young's  modulus; 
shear  modulus 

Section  area 

Torsion  and  bending 
area  inertias 

Weight  per  unit  length 


Mass  per  unit  length 

Applied  forces;  output 
standard  deviations 

Applied  moments;  output 
standard  deviations 

Displacements;  output 
standard  deviations 

Input  spectrum 


Engl ish 


inches 


Metric 


lb  in~^ 


meters 

m^  sec"4  Hz"^ 


MAIN  Program  SPECTRA 


Input  from  Permanent  Files; 
FORTRAN  Unit  Numbers: 


10,  11,  12,  13 


Function  PSD 


Working  Files;  FORTRAN 
Unit  Numbers: 


14,  15,  16 


Figure  F-l.  Program  Spectra  Organization 


Program  SPECTRA  also  uses  three  working  files,  which  may  be 
either  temporary  or  permanent.  Intermediate  data  are  stored  in  Files  14 
and  15,  while  response  power  spectra  for  selected  internal  loads  are 
recorded  on  File  16.  If  the  latter  file  is  declared  to  be  permanent,  these 
spectra  can  be  accessed  later  for  printing  or  plotting. 

Program  SPECTRA  assumes  that  all  degrees  of  freedom  associated 
with  a subset  of  lowest-numbered  nodes  in  the  finite-element  model  are 
constrained.  For  example,  the  Tripod-B  model  is  considered  to  be  fixed  to 
the  spacecraft  at  the  bottom  ends  of  its  three  legs,  i.e.,  at  nodes  1,  2, 

3 with  degrees  of  freedom  1 through  18  constrained.  Similarly,  the  ATS/3- 
Ring  model  is  fixed  at  the  first  eight  nodes  (one  for  each  leg)  with  degrees 
of  freedom  1 through  48  constrained.  This  restriction  has  been  made  to 
facilitate  the  input  of  data  from  which  the  rigid-body  mode  shapes  can  be 
determined  (see  Eq.  D- 1 6 , Section  D.3  in  Appendix  D). 

2.  DATA  INPUT  CONVENTIONS 

Program  SPECTRA  is  able  to  execute  only  one  analysis  case  per 
run.  The  following  input  data  cards  are  required  to  describe  the  case. 

Group  1 (Title  Card) 


Any  alphanumeric  information  in  card  columns  1 
through  80  to  identify  the  case. 


Group  2 (Model  Size  Information) 


NCON,  NDT,  NET,  MODES 


(415) 


NCON  = Total  number  of  constrained  dearees  of  freedom. 

NDT  = Total  number  of  constrained  plus  unconstrained 

degrees  of  freedom. 
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NET  = Total  number  of  elements. 

MODES  = Number  of  modes  to  be  included  in  the 
spectral  analysis. 


The  values  of  NDT  and  NET  must  agree  with  the  data  input  to 
program  SFRAME  (Appendix  E,  Section  E.2,  heading  cards  for  Groups  2 and  3, 
respectively).  Note  that  NDT  = 6x  (number  of  real  nodes).  The  value  of 
NCON  must  agree  with  the  total  number  of  constraints  displayed  in  the 
program  SFRAME  output.  The  MODES  lowest  modes  will  be  used  in  the  spectral 
analysis,  with  any  value  in  the  range  1 £ MODES  _<  N'  permitted  (N1  = total 
modes  included  in  the  subspace). 


Group  3 (Description  of  Rigid-Body  Modes) 


ID(1 ) , 10(2),  ...  , ID(16) 


(1615) 


, ID(NF) 


(1615) 


The  purpose  of  this  group  of  cards  is  to  identify  at  each 
unconstrained  node  the  degrees  of  freedom  associated  with  each  rigid-body 
mode.  A total  of  NF  = NDT  - NCON  degree-of-freedom  numbers  are  expected. 
Begin  with  the  mode  of  translation  parallel  to  the  global  X-axis.  The 
appropriate  DOF  at  the  nth  node  is  6n-5.  Pack  these  data  on  the  input 
cards  with  sufficient  blank  fields  following  the  last  DOF  number  to  make 
a total  of  NF  inputs.  Repeat  for  the  Y and  Z axes  using  DOF  numbers  6n-4 
and  6n-3,  respectively. 
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Group  4 (Modal  Damping  Factors) 


» ?2’  •••  » Cg 


(8F10.3) 


•»  Ci 


MODES 


(8F10.3) 


Cj  = Damping  factor  for  jth  natural  mode. 


The  program  expects  one  damping  factor  for  each  mode  included  in 
the  spectral  analysis. 


Group  5 (Integration  Control) 


FMIN(l) 


(F10.3) 


NRG 


(15) 


FMAX(l),  FMAX ( 2 ) , ....  FMAX(8)  (8F10.3) 


FMAX ( 9 ) , ....  FMAX (NRG) 


(8F10.3) 


NSTEP(l),  NSTEP(2) , ...  NSTEP  (NRG)  (1615) 


FMIN(l) 

NRG 

FMAX ( I ) 
NSTEP ( I ) 


= Lower-bound  frequency  (Hz). 

= Total  number  of  frequency  ranges. 


= Upper-bound  frequency  for  ith  range  (Hz). 


= Number  of  integration  steps  for  i^  range 


1 


219 


From  1 to  16  frequency  ranges  are  permitted  to  allow  variation 
of  the  integration  step  size  in  regions  of  varying  modal  content.  The 
modal  spectral  density  matrix  will  be  integrated  from  FMIN(l)  to  FMAX(NRG) . 
Within  each  range,  trapezoidal  integration  will  be  performed  in  NSTEP  steps 
of  size: 


A f 


FMAX  - FMIN 
NSTEP 


F-3 


Group  6 (Spectra  Output  Selection) 


NSEL 


(15) 


LNUM(l),  ID0F(1) 


(215) 


LNUM(NSEL) , IDOF(NSEL) 


(215) 


NSEL  = Number  of  elements  selected  for  power 
spectral  output. 

LNUM(I)  = Element  number  for  itfl  selection. 

I DOF ( I ) = Local  DOF  number  of  ith  selection. 


Up  to  10  different  elements  may  be  selected  for  recording  of 
power  spectral  densities  on  File  16.  At  each  selected  element,  only  one 
local  DOF  number  can  be  chosen.  The  internal  load  spectrum  corresponding 
to  the  chosen  DOF  number  is  interpreted  in  Table  F-2. 
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TABLE  F-2 

LOCAL  DOF  KEY  FOR  INTERNAL  LOAD  SPECTRA 


Element  Type  and  Connections1 

Pin- Joint  Element 

Beam  Element  jj 

o 

Node 

Node 

Node 

Load 

Axis 

ND1 

ND2 

ND1 

Load  Force 
Parallel  to 

■ 

1 

4 

1 

7 

2 

5 

8 

HI 

3 

6 

9 

Moment  about 

X 

4 

10 

Y 

5 

11 

Z 

6 

12 

See  data  group  3,  Subsection  E.2  and  Fig.  E-2,  Appendix  E 
?for  definitions  of  ND1  and  ND2. 

^Global  reference  axes  used  to  identify  nodal  coordinates 
of  the  finite  element  model. 

I 

3.  REQUIREMENTS  FOR  STORAGE  FILES 

Program  SPECTRA  is  designed  to  access  the  data  stored  by  program 
SFRAME  on  permanent  FORTRAN  Files  10  through  13.  Refer  to  Section  E.3  in 
Appendix  E for  the  attributes  required  for  these  files. 

In  addition,  program  SPECTRA  requires  three  working  storage 
files  with  the  attributes  indicated  in  Table  F-3.  The  selected  internal 
loads  spectra  are  stored  in  File  16. 

If  File  16  is  declared  permanent,  the  selected  internal  loads 
spectra  can  be  accessed  later  for  printing  or  plotting.  Each  record  of 
File  16  contains  the  spectral  density  values  for  the  NSEL  chosen  elements/ 

DOF  and  the  value  of  the  corresponding  frequency.  The  storage  format  for 
a typical  record  is  indicated  in  Figure  F-2.  One  record  will  be 
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TABLE  F-3 


REQUIRED  WORKING  FILE  ATTRIBUTES 


FORTRAN 
Unit  No. 

Data  Format 

No.  Words/ 
Record 

No.  of  Records* 

14 

Unformatted 

1200 

100 

15 

Unformatted 

201 

400 

16 

Unformatted 

11 

400 

*Number  of  records  required  for  models  containing  up  to 
100  elements  and  analyses  with  up  to  400  frequency 
points. 

written  for  each  frequency  point  in  each  range  of  the  modal  spectral 
density  matrix  integration. 


WORD: 


1 

2 

3 

10 

11 

G,  (f  ) 

1 ' n' 

W 

W 

K 

G10<fn> 

VH2> 

G = Power  spectral  density  for  mth  choice 

X.  L. 

at  n frequency  point. 


Figure  F-2.  Typical  Record  in  File  16 

4.  DIMENSION  REQUIREMENTS 

Program  SPECTRA  is  dimensioned  to  acconmodate  models  with  up  to 
100  elements,  200  unconstrained  degrees  of  freedom,  and  60  natural  modes. 
The  number  of  constrained  degrees  of  freedom  has  no  effect  on  program 
dimensions.  The  number  of  frequency  integration  points  is  limited  only  by 
the  number  of  records  assigned  to  Files  15  and  16. 
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If  the  user  wishes  to  analyze  larger  models  with  L > 100  elements, 
N > 200  unconstrained  degrees  of  freedom,  and  M > 60  natural  modes,  program 
SPECTRA  must  be  redimensioned  as  follows: 

IC0N(M),  LIST(L,20),  NDPE(L) 

EA(20,M) , EU(20,M),  ESIG2(L,20),  EZ2(L,20) 

U(N,M),  UR(N, 3) , AM ( K) , AMRN(3,M),  AM2(M,M) 

I DOF (N, 3) 

SM(M) , SF(M) , SZETA(M) , HR(M) , HI (M) 

QSIG2(N) , QZ2(N) 

SR(M,M),  SI (M,M) 

where  K = N(N  + l)/2.  Also,  the  accompanying  DATA  statements  must  be  modi- 
fied to  properly  initialize  ESIG2,  EZ2,  AMRN,  ID0F,  QSIG2,  QZ2,  and  SI, 
unless  initialized  storage  is  provided  by  the  operating  system. 

5.  CORE  REQUIREMENT  AND  EXECUTION  TIME 

Core  memory  requirements  and  execution  time  will  vary,  depending 
on  the  problem  size,  input/output  buffer  requirements  for  the  files,  and 
the  number  of  frequency  integration  points.  On  an  IBM  S-370/168  under  a 
VM  operating  system,  program  SPECTRA  requires  280  KBYTES  ( 70K-J Q or  210, 560g 
words)  of  core  memory.  Execution-time  experience  is  summarized  in  Table  F-4. 


TABLE  F-4 

CPU  TIME  REQUIREMENTS 


Model 

Tripod-B 

ATS/3-Ring 

No.  of  Unconstrained 
degrees  of  freedom 

78 

192 

No.  of  elements 

30 

64 

No.  of  modes  used 

40 

60 

No.  of  frequency 
integration  points 

182 

182 

CPU  time  (min.) 

14.9 

68.8 

APPENDIX  G 

THE  TEE-JOINT  ANALYSIS  PROGRAM 


1. 


INTRODUCTION 


The  Tee-Joint  Analysis  Program  was  developed  in  order  to  investi- 
gate the  details  of  the  stress  distributions  at  the  junctures  of  composite 
tubes,  such  as  is  shown  in  Figure  G-l.  This  program  was  designed  to  treat 
the  case  of  a main  tube  with  one  or  two  side  tubes.  The  program  design 
limits  the  geometry  by  requiring  that  the  side  tubes  do  not  themselves 
intersect,  and  that  the  axes  of  the  side  tubes,  when  extended  into  the 
interior  of  the  main  tube,  intersect  with  the  axis  of  the  main  tube.  Apart 
from  these  restrictions,  the  side  tube  geometry  may  be  specified  as  desired. 


SIDE  TUBE  AXIS 


(DETAILS  OF 
SECOND  SIDE 
TUBE  NOT 
SHOWN) 


ma:n 


SIDE  TUBE  ORIGIN  AT 
MAIN  TUBE  COORDINATES; 


main 


Xmain  as 
Y*  . 

' main  s 


Figure  G-l.  Main  Tube  Coordinates  and  Orientation  of  Side  Tube 
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One  end  of  the  main  tube  is  constrained,  while  the  other  end  of 
the  main  tube  and  the  ends  of  the  side  tubes  have  applied  forces  specified. 
The  user  specifies  tension  or  compression,  shears,  torsion,  and  bending 
moments,  and  these  generalized  forces  are  automatically  decomposed  into 
axial  and  circumferential  forces  at  the  nodes  located  at  the  tube  ends. 

The  tubes  may  be  multilayer  orthotropic  materials  with  principal 
material  axes  oriented  in  any  prescribed  directions.  Different  tubes,  and 
different  portions  of  each  tube,  may  have  different  material  properties. 
Stresses  are  calculated  by  the  program  at  the  lower,  middle,  and  upper 
surface  of  each  layer  in  each  element,  providing  the  desired  information 
concerning  stress  concentrations  in  the  regions  of  the  tube  intersections. 

The  Tee-Joint  Analysis  Program  provides  substantial,  but  not  fully 
automatic,  mesh  generation  capabilities.  The  program  automatically  generates 
a basic  rectangular  mesh  for  each  tube.  The  user  must  then  specify  the 
necessary  modifications  to  the  nodal  locations  and  element  definitions, 
forming  the  appropriate  meshes  in  the  regions  of  tube  intersections.  The 
user  is  assisted  in  specifying  these  modifications  by  various  helpful 
features  of  the  program.  First,  the  program  provides,  upon  request,  plots 
of  the  basic  or  modified  meshes,  allowing  the  user  to  picture  and  check  the 
necessary  modifications.  Second,  the  program  computes  the  coordinates  of 
the  tube  intersections  on  the  individual  tubes,  both  for  presentation  on 
the  plots,  and  to  allow  simpler  user  definition  of  the  nodes  on  the  inter- 
sections merely  by  providing  the  angular  position  on  the  side  tube. 

The  finite  element  used  for  this  analysis  is  the  "MLP3K"  element 
[16],  a planar  triangular  or  quadrilateral  element.  This  element  can  be 
used  for  modeling  curved  shells  if  the  appropriate  coordinate  transformations 
and  adjustments  are  performed  as  described  in  Section  G.2.  This  element  is 
specially  designed  for  analysis  of  composite  laminates,  where  the  stresses 
in  the  various  layers  are  the  important  results.  Results  are  quite  good 
even  for  moderately  thick  elements  because  the  effect  of  transverse  shear  is 
included,  by  allowing  independent  rotations  of  the  normals  to  the  midsurface 
so  that  they  need  not  remain  normal  to  the  midsurface  after  deformation. 
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The  element  routines  allow  computation  of  the  stresses  at  the  lower  surface, 
middle,  and  upper  surface  of  each  layer,  at  the  element  centroid  (or  at  the 
other  locations,  if  requested).  The  existing  MLP3K  element  stiffness  routine 
has  been  used  without  change,  while  an  existing  routine  for  stress  calcula- 
tion, “MLP3S11,  has  been  modified  and  renamed  "MLP3B"  in  order  to  provide  an 
element  stress-displacement-relation  (B)  matrix. 

Finite  element  analysis  of  this  problem  requires  an  extremely 
large  number  of  nodes  in  order  to  provide  sufficient  accuracy.  This  makes 
it  impossible  to  accomplish  the  required  assembly  and  solution  of  the  global 
stiffness  matrix  "in-core".  Therefore,  the  Tee-Joint  Analysis  Program  uses 
the  Frontal  Analysis  Program  (FRAP)  [61],  which  was  developed  for  the 
numerical  solution  of  such  problems.  The  FRAP  subroutines,  ECON  and  WAFR, 
were  utilized  with  only  minor  revisions  concerning  the  format  of  the  output. 
The  FRAP  solution  procedure  requires  that  an  "element  file"  be  prepared  on  a 
random-access  device,  with  stiffness  and  stress-displacement-relation  infor- 
mation for  each  element.  In-core  information  specifying  the  element  nodal 
connectivities  must  also  be  provided.  The  FRAP  procedure  avoids  complete 
assembly  of  the  global  stiffness  matrix  by  dynamically  assembling  and 
solving  the  equations  simultaneously.  The  in-core  storage  requirement  is 
dictated  by  the  maximum  front  width  of  the  problem,  i.e.,  the  maximum 
number  of  degrees  of  freedom  that  have  been  introduced  by  previous  elements, 
but  also  will  appear  in  later  elements  so  they  may  not  yet  be  eliminated 
from  the  in-core  storage.  The  user's  control  of  the  maximum  front  width  is 
accomplished  by  specification  of  the  order  of  the  elements  on  the  element 
file.  The  Tee-Joint  Analysis  Program  has,  therefore,  been  designed  to 
provide  a convenient  facility  for  specifying  that  order. 

2.  COORDINATE  SYSTEMS  AND  TRANSFORMATIONS 

The  use  of  plate  elements  to  form  a curved  shell  structure  and 
the  variable  orientation  of  the  side  tubes  with  respect  to  the  main  tube 
require  the  use  of  a number  of  distinct  coordinate  systems  for  the  analysis. 
Various  transformations  between  these  coordinate  systems  are  also  required. 
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The  Global  Coordinate  System  is  the  same  as  the  main  tube's 
Tubular  Cartesian  Coordinate  System  (TCCS).  This  system,  shown  in  Figure 
G-l,  has  its  origin  on  the  main  tube  axis  at  the  beginning  of  the  main  tube. 
The  TCCS  x axis  runs  along  the  tube  axis.  The  corresponding  main  tube's 
Tubular  Polar  Coordinate  System  (TPCS),  the  corresponding  cylindrical 
system,  is  also  shown  in  Figure  G-l. 

. side 


'side 


r * 


/ Y (INTERSECTS 

' s d y x . ) 

/ J main 


NODAL  DEGREE-OF-FREEDOM 
COORDINATE  SYSTEM  AT  THIS  NODE 

, MEASURED  FROM  Y . , TOWARD  Z 
side  side  side 

Figure  G-2.  Side-Tube  and  Nodal  Degree-of-Freedom  Coordinate  Systems 


Each  side  tube  has  its  own  tubular  cartesian  and  polar  (cylindrical) 
systems,  TCCS  and  TPCS,  shown  in  Figure  G-2.  The  origin  of  each  side  tube 
system  is  the  intersection  of  the  tube  axis  with  the  surface  of  the  main  tube. 

The  x axis  runs  along  the  tube  axis.  The  y axis  is  oriented  to  lie  in  the 

plane  of  the  side  and  main  tube  x axes.  The  polar  system  angle  is  measured, 

as  for  the  main  tube,  from  the  y axis  toward  the  z axis. 
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Nodal  locations  are  specified  in  the  cylindrical  (TPCS)  systems 
for  the  convenience  of  the  user.  Of  course,  only  the  axial  and  angular 
coordinates  need  be  provided,  along  with  the  tube  number. 

Each  element  has  its  own  local  Element  Cartesian  Coordinate 
System  (ECCS).  Each  ECCS  x axis  lies  along  the  line  from  the  first  node  to 
the  second  node  of  the  element.  The  ECCS  y axis  then  lies  normal  to  the 
x axis,  in  the  plane  of  the  element,  so  that  the  third  element  node  lies 
in  the  positive-y  half-plane.  The  ECCS  z axis  is  then  normal  to  the 
element  plane.  The  element  nodes  must  always  be  numbered  counterclockwise 
as  viewed  from  outside  the  tube,  so  that  the  ECCS  z axis  points  outward 
from  the  tube  surface. 

At  each  node,  a Nodal  Degree-of-Freedom  Cartesian  Coordinate 
System  (NDCCS)  is  defined.  The  NDCCS  x axis  lies  parallel  to  the  TCCS 
x axis.  The  NDCCS  y axis  lies  tangent  to  the  tube  surface,  in  the  negative 
V direction.  This  leaves  the  NDCCS  z axis  normal  to  the  tube  surface  and 
pointing  outward.  For  nodes  located  on  the  intersection  of  the  main  tube 
with  a side  tube,  the  NDCCS  is  defined  by  the  orientation  of  the  main  tube, 
and  appears  skewed  with  respect  to  the  orientation  of  the  side  tube. 

As  mentioned  earlier,  there  are  some  transformations  and  adjust- 
ments which  must  be  performed  in  order  to  utilize  the  planar  MLP3K  element 
for  modeling  curved  shells.  These  measures  should  provide  accurate  analysis 
as  long  as  the  angles  tetween  adjoining  elements  in  the  same  tube  are  small. 

First,  the  element  stiffness  matrix  must  be  expanded  to  include 
definition  of  the  sixth  degree  of  freedom  at  each  node.  The  MLP3K  element 
provides  stiffnesses  only  for  the  three  deflections  and  two  out-of-plane 
rotations  at  each  node.  The  in-plane  rotational  degree  of  freedom  is 
defined,  and  the  stiffness  matrix  expanded  to  provide  zero  stiffness  for  it. 
This  is  simply  a mathematical  convenience  in  preparation  for  the  next  step. 

Second,  the  expanded  stiffness  matrix  must  be  transformed  from  the 
element  coordinates  (ECCS)  into  the  nodal  degree-of-freedom  coordinates 
(NDCCS).  This  transformation  is  in  general  different  at  each  node,  since 
the  NDCCS  z axis  should  always  be  normal  to  the  shell  surface  at  each  node. 
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Third,  the  transformed  stiffness  matrix  must  be  adjusted  to 
delete  the  nodal  z rotational  degree  of  freedom.  The  transformed  matrix 
will  show  a small  but  nonzero  stiffness  for  this  degree  of  freedom,  which  is 
deleted  from  the  analysis  by  setting  the  diagonal  stiffness  term  to  unity, 
setting  all  off-diagonal  terms  to  zero,  and  specifying  the  degree  of  freedom 
to  be  constrained.  Elimination  of  the  z rotational  degrees  of  freedom  in 
this  manner  introduces  small  modeling  errors  in  the  numerical  results,  but 
also  prevents  the  assembled  stiffness  matrix  from  becoming  ill-conditioned. 

For  intersection  nodes,  the  adjustment  procedure  is  not  performed, 
and  all  six  degrees  of  freedom  are  allowed  to  remain.  This  is  because  there 
is  no  unique  normal  to  the  shell  surface  at  an  intersection,  so  all  rotation- 
al degrees  of  freedom  remain  meaningful. 

Because  the  MLP3K  stiffness  generation  routine  requires  definition 
of  the  nodal  locations  in  a planar  coordinate  system,  the  calling  program 
must  perform  a transformation  in  addition  to  that  described  above.  A routine 
"ELEM"  has  therefore  been  prepared  which  appears  to  be  an  element  stiffness 
and  stress  relation  routine  for  a three  or  four  node  planar  element.  Sub- 
routine ELEM  calls  MLP3K  and  MLP3B  to  perform  most  of  the  required  computa- 
tions, performing  primarily  coordinate  transformations  itself.  It  allows 
specification  of  nodal  locations  in  the  tubular  cartesian  system  (TCCS),  and 
specification  of  the  nodal  (NDCCS)  systems  by  provision  of  each  set  of  nodal 
unit  vectors  in  TCCS  components  (equivalent  to  provision  of  the  TCCS/NDCCS 
transformation  matrix).  The  ELEM  routine  prepares  the  input  for  the  actual 
element  routines  in  the  element  (ECCS)  system  which  it  computes  itself  from 
the  nodal  locations.  It  then  transforms  the  results  into  nodal  coordinates 
using  its  own  ECCS/TCCS  transformation,  and  the  provided  TCCS/NDCCS  trans- 
formation. 

The  provision  of  nodal  (NDCCS)  unit  vectors  in  tubular  (TCCS) 
components  is  straightforward  for  ordinary  nodes.  There  is  some  added 
complication  for  intersection  nodes  located  on  side  tube  elements,  since  the 
NDCCS  appears  skewed  with  respect  to  the  side  tube  at  an  intersection  node. 
For  these  cases,  the  orientation  of  the  side  tube  with  respect  to  the  main 
tube  determines  the  necessary  transformation. 
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3. 


TUBE  INTERSECTIONS 


The  intersections  of  the  side  tubes  with  the  main  tube  are  analyzed 
by  the  program  in  terms  of  the  tube  geometries  specified  by  the  user.  Points 
on  the  intersection  can  be  specified  uniquely  by  providing  only  the  angular 
position  4*  on  the  side  tube.  The  program  computes  the  axial  side  tube 
coordinate  x and  the  axial  and  angular  main  tube  coordinates,  x and  as 
necessary. 

Figure  G-3  shows  the  details  of  an  intersection  between  a side  tube 
and  a main  tube.  The  desired  coordinate  values  are  found  as  follows: 


= -R  sin  (Y) 

G-1A 

= sin-1  (b/R) 

G-1B 

= [1  - cos(Af)]R 

G-1C 

, R cos('F)  c 

as  sin  0 tan  0 

G-1D 

= f + AY 

G-1E 

R cos(H')  c 

tan  0 sin  0 

G-1F 

where  R is  the  main  tube  radius,  and  R the  side  tube  radius.  Note  that  for 
the  limiting  case  of  0 = 90°,  the  terms  with  cos  0 or  tan  0 in  the  denominator 
are  ignored. 
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Figure  G-3.  Details  of  Tube  Intersection  Geometry 
4.  APPLIED  FORCES 

The  user  specifies  the  applied  forces  in  terms  of  the  generalized 
forces  applied  to  the  end  of  each  tube.  The  program  must  decompose  these 
generalized  forces  into  nodal  forces  in  accordance  with  the  following  pro- 
cedure. First,  the  angular  distribution  of  tension  and  shear  in  the  tube 
is  assumed  to  be  that  which  would  exist  in  a long  uniform  tube  for  the  same 
generalized  forces.  Second,  the  distributions  of  tension  and  shear  are 
approximated  as  nodal  values  of  axial  and  circumferential  forces,  assuming 
linear  interpolation  on  the  basis  of  angular  position  between  the  nodes. 
Because  the  FRAP  procedure  requires  element-level  specification  of  forces, 
the  following  relationships  are  presented  for  individual  elements. 


J 
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The  axial  tube  load,  F , consists  of  a constant  angular  distri- 
bution of  tension  around  the  tube: 


Fxm 


G-2 


For  an  element  with  node  n-j  at  ^ , and  n 2 at  the  nodal  axis  force  X1  at 
node  n^  is: 


= /"( 


*2,  ¥ - ¥ 


V n - vj  2tt  d4<  = 1/2  Fx 


(y2  ~ *1) 
2tt 


6-3 


and  X2  is  found  to  be  identical. 

The  tube  shear  in  the  TCCS  y direction,  F , consists  of  shear  in 
the  tube  wall  distributed  as: 

-F 

Fy(40  = sin  (V)  G-4 

where  F (¥)  is  TPCS  x’F  shear.  For  one  element,  the  nodal  shear  force,  , 
at  node  n-j  is: 

- f -F 

Y1  = / M w“)  sin  W ^ G-5 

i y rr 

Fw  sin  - sin 

irr  ^ ^ ^ ‘ cos  V 

The  nodal  shear  force  Y2  at  node  n2  is  found  in  similar  fashion.  The  nodal 
forces  are  in  the  NDCCS  negative  y direction.  The  tube  shear  in  the  TCCS 
z direction,  Fz,  is  treated  in  a manner  similar  to  that  for  F . 
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The  torsional  tube  load,  Mx>  is  uniformly  distributed  around  the 
tube.  This  provides  the  same  relationships  as  for  the  axial  force  F , but 
the  radius  R enters  the  computation  and  the  resulting  nodal  forces  are  in 
the  NDCCS  negative  y direction. 

The  bending  moment  about  the  TCCS  y axis,  M , consists  of  axial 
forces  in  the  tube  walls,  distributed  as: 


FxW 


M 

= JL 
ttR 


sin  y 


G-6 


For  an  element,  the  nodal  axial  force  X-j  at  node  n^  is  then  given  by: 

(y?  - y)  m 

X1  ■ ! W2~  * , ) iR  sin  W <W  G'7 

My 

= ^’(y  .-y  ) [(^2  - cos  - sin  (v2)  + sin  (f^)] 

and  X2  is  found  similarly.  The  bending  moment  about  the  TCCS  z axis,  M , 

is  treated  in  a manner  similar  to  that  for  M . 

y 

Because  of  the  manner  in  which  the  program  computes  the  nodal 
forces,  incorrect  forces  may  result  if  the  user  modifies  the  last  ring  of 
elements  on  a tube. 


5.  USER'S  GUIDE 

Input  cards  for  the  Tee-Joint  Analysis  Program  must  be  prepared 
in  accordance  with  the  following  instructions.  Input  cards  are  provided  in 
groups,  each  starting  with  a heading  card  providing: 


INW0RD,  INI,  IN2,  IN3,  IN4,  IN5,  IN6 


(A4,6X,6I5) 
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There  are  nine  forms  of  heading  cards,  each  with  a different  four-character 
INWORD.  These  are: 


TUBE:  Define  a basic  tube  geometry,  including  basic  nodes 
and  elements 

MATE:  Define  material  properties 
MODN:  Modify  node  definitions 
MODE:  Modify  element  definitions 
PLOT:  Plot  a tube 
RESE:  Reset 

ELEF:  Prepare  an  element  file  for  the  FRAP  analysis 
ENDT:  End  tube  definition  phase 
FRAP:  Perform  FRAP  analysis 

The  usual  analysis  will  be  performed  in  three  or  more  separate  runs  of  the 
Tee-Joint  Analysis  Program.  First,  the  user  will  plot  the  basic  geometry 
using  the  sequence: 

TUBE  (once  for  each  tube) 

PLOT  (once  for  each  tube) 

ENDT 

FRAP  0 (not  to  perform  FRAP  analysis) 

Note  that  ENDT  and  FRAP  are  always  required  as  the  last  two  groups.  The  user 
will  then  prepare  the  node  and  element  modifications  and  plot  the  modified 
mesh  geometry  using  the  sequence: 

TUBE  (once  for  each  tube) 

MODN 
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MODE 


PLOT  (once  for  each  tube) 

ENDT 

FRAP  0 

The  above  may  be  repeated  as  often  as  necessary,  with  corrections  to  the 
data  cards,  until  the  meshes  are  formed  correctly.  Then  the  actual  analysis 
is  performed  by  the  sequence: 

TUBE  (once  for  each  tube) 

MODN 

MODE 

ELEF 

ENDT 

FRAP 

The  details  for  coding  each  input  card  group  are  provided  below. 

Each  "TUBE"  input  group  defines  basic  tube  geometry  for  one  tube. 
This  group  consists  of  a TUBE  heading  card,  plus  the  geometry  and  force 
cards  described  below.  Tube  1,  the  main  tube,  must  be  defined.  Tubes  2 and 
3,  the  side  tubes,  may  or  may  not  be  defined.  Tubes  must  be  defined  con- 
secutively starting  with  tube  1.  Each  TUBE  heading  card  has  integer  para- 
meters: 


INI  = tube  number 

IN2  = print  option  (0  no,  1 yes)  for  printing  standard 
nodes  generated 

IN3  = print  option  (0  no,  1 yes)  for  printing  standard 
elements  generated,  with  nodal  connections. 

IN4  = print  option  (0  no,  1 yes)  for  printing  geometric 
data  about  this  tube's  intersection  with  the  main 
tube  (not  applicable  for  main  tube). 
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A 


RADIUS  = radius  of  tube 

LENGTH  = length  of  tube  (if  not  provided, 

LENGTH  = 2tt*  RADIUS  for  side  tubes 
= 4ir*  RADIUS  for  main  tube) 

NROUND  = number  of  elements  around  the  tube 

NALONG  = number  of  elements  along  the  tube 

(if  not  provided,  set  to  make  elements  as  square 
as  possible) 

A,THETA,PSI  for  side  tubes  only,  define  orientation  with 
respect  to  main  tube  (see  Figure  G-l  for 
details): 

A = main  tube  x coordinate  of  side  tube 
origin 

THETA  = angle  between  main  and  side  tube  x 
axes 

PSI  = angular  position  of  side  tube  origin 
on  main  tube 


Following  each  TUBE  and  geometry  card  is  the  force  card: 


(6F10.0) 


Fx  = axial  load  (TCCS  x force) 

F = shear  in  TCCS  y direction 

y J 

Fz  = shear  in  TCCS  z direction 

= torsion  (moment  about  TCCS  x axis) 


My  = bending  moment  about  TCCS  y axis 
Mz  = bending  moment  about  TCCS  z axis 

The  "MATE"  input  group  defines  material  properties.  There  is  one 
material  for  each  tube,  plus  more  as  needed  up  to  a maximum  of  9.  The  MATE 
heading  card  has  integer  parameters: 


INI  = number  of  materials 

IN2  = 0 if  material  properties  are  handbook  quantities 

or  1 if  tensor  quantities  (OP  parameter  of  MLP3K 
element  routine) 


Each  material  will  then  have  a NLYR  card  followed  by  NLYR  property  cards: 


NLYR 


(15) 


NLYR  = number  of  layers 


H , ALPHA, »^22’V12,v23*^12,^23 


(8D10.6) 


H = thickness 

ALPHA  = angular  orientation  of  layer  (with  respect  to  tube  x axis) 
EirE22,v12,v23,G12,G23  = elastic  properties 


If  IN2  = 1,  the  properties  are  given  instead  as: 


ELL’ETT,VLT*  V23,ULT 


,v9,,G,  t,G 
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Note  that  layers  are  provided  in  the  order  from  bottom  to  top  (from  inside 
of  tube  to  outside  of  tube).  Also  note  that  materials  not  used  in  the 
analysis  may  in  general  be  included.  However,  if  an  unused  material  has  more 
layers  than  the  greatest  number  of  layers  in  the  active  materials,  then 
program  inefficiency  will  occur. 

The  "MODN"  input  group  provides  modifications  of  the  nodal 
definitions.  The  MODN  heading  card  has  integer  parameter: 

IN2  = print  option  (0  no,  1 yes)  to  print  nodal  infor- 
mation as  modified 


Then  a series  of  nodal  modification  cards  follows: 


N0D,NTUBE,X,A 


(215, 2F1 0.0) 


NOD  = node  number  (If  NOD  was  an  existing  node,  the  old 
nodal  data  is  replaced) 

NTUBE  = tube  on  which  node  lies  (give  side  tube  number  for 
intersection  nodes) 

X,A  = axial  and  angular  coordinates  of  node  on  tube  NTUBE 


Ordinary  nodes  (nodes  not  located  on  the  intersections)  are  given  positive 
node  numbers  in  conventional  fashion.  Intersection  nodes  are  given  negative 
node  numbers.  Intersection  nodes  are  usually  numbered  starting  with  -1. 

The  existence  of  an  ordinary  node  with  the  same  node  number  magnitude  as  an 
intersection  node  is  allowed.  For  intersection  nodes,  A must  be  provided, 
while  the  program  computes  the  value  of  X.  To  end  the  series  of  nodal 
modification  cards,  provide  a blank  card  (NOD  = 0). 

The  "MODE"  input  group  provides  modifications  of  the  element 
definitions.  The  MODE  heading  card  has  integer  parameter: 


IN2  = print  option  (0  no,  1 yes)  to  print  element  infor- 
mation as  modified 
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Then  a series  of  element  modification  cards  follows: 


NL.NETYP, NNODS ( 1 ) , NNODS ( 2 ) , NNODS ( 3 ) , NNODS ( 4 ) 


(615) 


NL  = element  number  (If  NL  was  an  existing  element,  the 
old  element  data  is  replaced) 

NETYP  = 0 to  delete  element  NL 

or  ijk  (3  decimal  integers)  for  an  existing  element, 
where: 


i = I MOD 


j = 


k = 


modification  number:  must  be  nonzero 
if  original  nodal  connections  are 
changed  or  connected  nodes  are  them- 
selves modified 

material  number  (If  not  specified, 
material  will  be  as  specified  by  tube 
number) 

tube  number 


NNODS(I)  = nodal  connections.  If  NNODS(l)  = 0,  leave  old 
connections  unchanged.  If  NNODS(l)  / 0 and 
NN0DS(4)  = 0,  this  is  a triangular  element. 


To  end  the  series  of  element  modification  cards,  provide  a blank  card  (NL 

0). 

Each  "PLOT"  input  group  requests  a Cal  comp  plot  of  a specified 
tube,  with  or  without  boundaries  and/or  individual  elements  shown.  A plot 
may  be  requested  before  and/or  after  the  nodes  and  elements  are  modified. 
Each  PLOT  heading  card  has  integer  parameters: 


INI  = tube  number 

IN2  = 0 not  to  plot  individual  elements 
> 1 plot  individual  elements 
>_2  plot  element  numbers  on  modified  elements 
>_  3 plot  element  numbers  on  all  elements 
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IN3  = boundary  plotting  parameter.  For  main  tube: 

IN3  = 0 for  no  boundary 

_>  1 for  boundary 

>_  2 to  plot  intersection  of  tube  2 
>_  3 to  plot  intersection  of  tube  3 

For  side  tube: 

IN3  = 0 for  no  boundary 

1 for  boundary 

The  "RESE"  input  card  deletes  all  of  the  information  provided 
by  the  TUBE,  MODN,  and  MODE  input  groups.  This  allows  the  user  to  prepare 
and  plot  a number  of  cases  within  the  same  computer  run.  The  RESE  card 
may  not  be  used  after  an  ELEF,  ENDT,  or  FRAP  group.  Therefore,  only  one 
finite  element  analysis  may  be  performed  on  each  run. 

The  "ELEF"  input  group  defines  preparation  of  the  element  data 
file;  and  the  MNUM  and  LPTR  vectors  also  required  for  the  FRAP  analysis. 
The  ELEF  heading  card  has  integer  parameters: 


= 0 not  to  prepare 

or  1 to  prepare,  MNUM  and  LPTR  vectors  for  FRAP 
analysis 

= 0 not  to  prepare 

or  1 to  prepare,  an  element  data  file  for  FRAP 
analysis 

= >1  to  print  for  each  element: 

LNUM  = FRAP  element  number 

IE  = internal  element  number 

KNUM  = last  MNUM  position  used  for  the  element 

>2  to  print  for  each  element: 

ELEFOR  = forces 
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IN3  = (continued) 


' 

[- 

I 

r 


>3  to  print  for  each  element: 

EK  = stiffness  matrix  after  all  transformations 
and  adjustments 

>4  to  print  for  each  element: 

BMAT  = stress-displacement  relations 

IN4  = element  stiffness  subroutine  print  control: 

>1  to  print  for  each  element: 

XX, YY  = nodal  locations  in  ECCS 

>2  to  print  for  each  element: 

ES  = transformation  from  ECCS  to  NDCCS 

>3  to  print  for  each  element: 

EKK  = stiffness  matrix  before  transformations 
or  adjustments 

>4  to  print  for  each  element: 

EK  = stiffness  matrix  after  transformations 
but  before  adjustments 

IN5  = >1  to  print  for  each  element: 

XYZ  = nodal  locations  in  TCCS 

UXYZ  = transformation  from  TCCS  to  NDCCS 

IN6  = 0 normally  (X  and  Y deflections  constrained  at  first 
end  of  main  tube) 

After  the  "ELEF"  card  there  will  be  a series  of  "specification  cards"  pre- 
scribing the  order  in  which  the  elements  are  to  be  taken  for  the  FRAP 
analysis.  Each  specification  card  is  Format  (5110)  and  consists  of  KTUBE, 
KMATL,  KMOD,  KSTART,  KFINIS.  Each  specification  card  calls  for  all 
elements  which  match  its  specification  (as  described  below)  and  which  have 
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not  already  been  called  for  by  a previous  specification  card.  The  series 
of  specification  cards  is  terminated  by  providing  a blank  card  (KTUBE  = 0)  . 
Specification  is  made  on  the  basis  of  the  following  parameters  for  each 
element: 

ITUBE  = tube  number 

IMATL  = material  number  (>0) 

JMATL  = specified  material  number  (>_0) 

(If  JMATL  >0,  IMATL  = JMATL 
If  JMATL  = 0,  IMATL  = ITUBE) 

IMOD  = modification  number  (see  "MODE"  input  group) 

IE  = element  number 

Each  specification  card  looks  for  element  matches  as  follows: 

KTUBE  <0,  any  ITUBE  OK 

>0,  KTUBE  = ITUBE 

KMATL  =0,  JMATL  = 0 

<0,  any  IMATL  or  JMATL  OK 
>0  and  <10,  KMATL  = IMATL 
>10,  (KMATL  - 10)  = JMATL 

KM0D  <0,  any  IMOD  OK 

>0,  KMOD  = IMOD 

KSTART  and  KFINIS  specify  which  element  numbers  to  consider,  and  in  which 
order.  In  general,  element  numbers  IE  = KSTART  through  IE  = KFINIS  (can 
be  ascending  or  descending  order)  are  checked  for  matches.  For  convenience, 
simplified  input  forms  are: 


KSTART  = KFINIS  = 0 means  check  all  elements  in  ascending  order 
KSTART  >0  and  KFINIS  = 0 means  check  element  KSTART  only 


Now,  for  purposes  of  program  economy,  the  user  desires  to  have 
the  FRAP  procedures  treat  the  elements  in  alphabetical  order  of  the  regions 
shown,  from  left  to  right  on  the  main  tube,  and  from  the  main  tube  outward 
on  the  side  tubes.  One  way  in  which  the  user  can  accomplish  this  is  by 
the  sequence  of  specification  cards  shown  here: 


KTUBE 

KMATL 

KMOD 

KSTART 

KF INIS 

1 

0 

0 

1 

300 

j 1 

4 

-1 

0 

0 

2 

5 

-1 

0 

0 

2 

0 

0 

0 

0 

1 

0 

0 

301 

500 

1 

6 

-1 

0 

0 

3 

7 

-1 

0 

0 

3 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

Figure  G-5.  Example  of  Specification  Card  Sequence 


In  addition  to  the  ordering  performed  by  the  above  specification  cards,  the 
element  numbers  defined  by  the  user  in  the  MODE  input  group  for  Regions  B, 
C,  F,  and  G serve  to  order  the  elements  within  those  regions.  If  the  user 
has  not  prepared  that  ordering  in  the  MODE  input  group,  then  it  may  be 
performed  by  the  specification  cards  here.  This  would,  of  course,  require 
additional  specification  cards,  specifying  one  or  a few  elements  at  a time, 
replacing  the  four  cards  for  materials  4 through  7,  shown  above. 

The  "ENDT"  input  card  must  be  the  next-to-last  input  card  for 
each  run.  It  indicates  that  the  tube  definition  phase  is  ended. 
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The  "FRAP"  input  card  specifies  whether  the  frontal  analysis 
subroutines  ECON  and  WAFR  will  be  executed.  The  FRAP  heading  card  has 
integer  parameters: 

INI  = 0 not  to  run  ECON 

100  run  ECON  with  minimal  printing 

101  run  ECON  with  all  assembly  information  printed 

IN2  = 0 not  to  run  WAFR 

100  run  WAFR  with  minimal  printing,  do  not  rewrite 
element  file  with  results 

101  minimal  printing,  do  rewrite  file 

102  all  printing,  do  not  rewrite  file 

103  all  printing,  do  rewrite  file 


6.  PROGRAM  CAPACITY 

It  is  the  user's  responsibi 1 i ty  to  prepare  the  main  program  and 
job  control  language  to  allow  sufficient  capacity  for  each  problem.  The 
user  must,  of  course,  consider  the  inefficiencies  that  will  result  from 
preparation  for  a much  larger  capacity  than  will  actually  be  utilized. 

First,  the  user  must  choose  values  for: 


NN 

NNSPEC 

NE 

NEEL 

MAXFW 

MAXL 

MAXB 

NDOF 


maximum  ordinary  node  number 

maximum  magnitude  of  intersection  node  number 

maximum  internal  element  number 

maximum  FRAP  element  number  5NE 

maximum  front  width 

maximum  number  of  layers  in  any  material 

number  of  equations  buffered  together  on  equations 
file  (choose  to  make  NWK  a reasonable  number) 

maximum  number  of  degrees-of-freedom  in  FRAP 
analysis  (%5*  NN  + 6*  NNSPEC) 
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■ 


j 


■ 


Then  the  user  must  compute: 

NS  I ZE-j  = (IS^NEEL)  + (3*NN)  + (5*NE)  + (5*NNSPEC)  + 2 

NSIZE2  = (~--2-EL)  + 3 + 2*MAXFW  + 2*MAXB  + MAXFW*MAXB 

+ MAXFW*(MAXFW  + l)/2 
NSIZE  = max(NSIZErNSIZE2) 

NWEL  = 375  * MAXL  + 349 


NWEL4  = NWEL  * 4 

NWK  = MAXB  * (MAXFW  + 2) 


NWK4  = NWK  * 4 


N 


region 


230  + 4 * 


NSIZE 

1000 


NBK  = NDOF/MAXB 


Then  in  the  main  program  the  user  must  put: 


NSIZE  = right  hand  side  of  "NSIZE="  statement,  and 
dimension  in  "COMMON  A ( )" 


NEEL  & 

NWEL  = first  two  integers  in  parentheses  in  "DEFINE 
FILE  30"  statement 


NBK  & 

NWK  = first  two  integers  in  parentheses  in  "DEFINE 
FILE  20"  statement 


NWEL  = right  hand  side  of  "NWEL="  statement 
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In  the  job  control  language  the  user  must  put: 


* 


y 


N 


region 


number  preceding  "K"  for  REGION  parameter 
on  job  card 


NWEL4  & 

NEEL  = two  integers  for  SIZE  parameter  on 
"G. FT30F001 " DD  card 


NWK4  & 

NBK  = two  integers  for  SIZE  parameter  on 
"G. FT20F001 " DD  card 


A sample  of  the  job  control  language  required  for  the  job  is  shown  below. 


For  a single  run: 


(job  and  charge  cards) 

//  EXEC  FORG,PROG=TUSERS.LIBRARY(TEEJOINT)’ 

//G. FT20F001  DD  UNIT=SYSDA,SPACE=(2740, (600) ) ,DISP= (NEW, DELETE) 
//G. FT30F001  DD  UNIT=SYSDA,SPACE=(4396, (400) ) ,DISP=(NEW, DELETE) 
//G.SYSIN  DD  * 

(data) 

/* 


For  a series  of  runs: 


(job  and  charge  cards) 

//RUN!  EXEC  F0RG,PR0G=' USERS. LIBRARY (TEE JO I NT) 1 
//G.FT20F001  DD  UNIT=SYSDA,SPACE=( 2740, (600) ) ,DISP= (NEW, PASS) 
//G. FT30F001  DD  UNIT=SYSDA,SPACE=(4396, (400) ) ,DISP= (NEW, PASS) 
//G.SYSIN  DD  * 

(data  for  run  1) 

//RUN2  EXEC  FORG,PROG=' USERS. LIBRARY (TEEJ0INT) ' 

//G. FT20F001  DD  DSNAME=*. RUN1 .G. FT20F001 ,0ISP= (OLD, PASS) 
//G.FT30F001  DD  DSNAME=*.RUN1 .G.FT30F001 ,DISP=(OLD,PASS) 
//G.SYSIN  DD* 

(data  for  run  2) 
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APPENDIX  H 


THE  AXISYMMETRIC  JOINT  ANALYSIS  PROGRAM  (PROGRAM  "RADSYM") 

1.  GENERAL 

The  Axi symmetric  Joint  Analysis  Program  has  been  developed  primarily 
for  analysis  of  tubular  composite-metal  joints  for  spacecraft  applications. 

The  program  performs  finite-element  analysis  of  structures  composed  of  various 
orthotropic  materials,  where  such  problems  are  axially  symmetric  in  construc- 
tion, loading,  and  constraints.  The  structure  may  be  subjected  to  thermal 
loading  and/or  applied  forces. 

The  restriction  of  this  analysis  program  to  axisymmetric  problems 
limits  its  usefulness,  but  provides  for  extremely  efficient  analysis.  Other 
analysis  programs,  such  as  the  Tee-Joint  Program  described  in  Appendix  G, 
may  be  utilized  for  more  general  problems.  Any  problem  which  is  axisymmetric, 
or  which  is  near  enough  axi symnetric  for  the  results  to  be  meaningful,  may  be 
analyzed  by  this  Axisymmetric  Joint  Analysis  Program  at  much  lower  cost.  This 
efficiency  results  from  the  fact  that  an  axisymmetric  problem  may  be  completely 
represented  by  a two-dimensional  cross-section  of  the  structure,  as  shown  in 
Figure  H-l.  All  problem  variables  are  functions  of  the  radial  and  axial  coor- 
dinates only.  Although  the  strain-displacement  relations  are  different  from 
those  for  a planar  two-dimensional  problem,  the  computational  effort  required 
for  solution  of  the  structural  problem  is  almost  identical.  The  principal 
difference  in  cost  between  axisymmetric  and  full  three-dimensional  analysis  is 
then  caused  by  the  much  greater  number  of  degrees  of  freedom,  and  much  greater 
bandwidth,  of  the  three-dimensional  finite-element  mesh.  It  would  not  be 
unusual  for  the  full  three-dimensional  analysis  to  raise  computation  costs  two 
or  three  orders  of  magnitude  above  the  costs  for  an  axisymmetric  analysis. 

A modification  of  the  existing  TRIAX3  element  [48]  has  been  utilized 
for  this  analysis.  TRIAX3  is  a triangular  element,  providing  convenient 
modeling  of  most  structural  shapes.  The  element  stiffness  generation  routine 
assumes  that  the  x coordinate  at  each  node  is  the  radial  coordinate  for  an 
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Two  versions  of  the  Ax i symmetric  Joint  Analysis  Program  have  been 
prepared,  for  analysis  with  or  without  the  circumferential  deflection  degrees 
of  freedom.  The  version  with  only  radial  and  axial  deflections  provides  anal- 
ysis at  less  than  half  the  cost  of  the  more  extensive  version. 

The  TRIAX3  element  has  been  modified  and  renamed  TRAX3M,  to  provide 
two  capabilities  necessary  for  the  analysis  of  composite  tubes.  First,  the 
original  element  allowed  only  isotropic  material  properties,  and  this  has  been 
modified  to  allow  specification  of  orthotropic  elasticity  and  thermal  expansion 
coefficients.  Principal  axes  of  the  orthotropic  materials  need  not  be  aligned 
with  the  global  coordinates  (radial,  axial,  circumferential),  but  the  calling 
program  must  perform  any  necessary  coordinate  transformations  in  order  to 
provide  the  elasticity  matrix  and  thermal  expansion  coefficient  vector  in  the 
global  coordinates.  The  original  element  also  considered  only  radial  and 
axial  deflections  at  the  nodes,  and  this  has  been  modified  to  consider  circum- 
ferential deflections  as  well.  This  is  necessary  for  analysis  of  problems 
with  torsion  about  the  axis  of  syirmetry,  and  for  analysis  of  problems  where 
the  circumferential  coordinate  is  not  one  of  the  principal  axes  of  an 
orthotropic  material. 

Automatic  mesh  generation  has  been  provided  as  a convenience  to  the 
user  of  the  Axisymmetric  Joint  Analysis  Program.  The  user  need  not  specify 
each  nodal  location  and  each  element  connectivity.  Rather,  the  user  specifies 
a set  of  "basic  locations,"  and  rectangular  (or  general  quadrilateral)  meshes 
with  such  basic  locations  at  their  corners.  Individual  triangular  elements 
may  also  be  specified  where  quadrilateral  meshes  are  not  sufficient.  Thermal 
loading  is  specified  at  the  basic  locations  only,  with  bilinear  interpolation 
in  each  quadrilateral  mesh.  Constraints  and  forces  are  specified  in  terms  of 
the  individual  nodes,  but  the  user  can  specify  a series  of  nodes  forming  the 
boundary  of  a mesh  rather  than  having  to  specify  the  conditions  individually 
at  each  node. 


Because  the  axi symmetric  analysis  with  a two-dimensional  finite- 
element  mesh  provides  such  a small  number  of  degrees-of- freedom  and  a 
small  bandwidth,  compared  with  a full  three-dimensional  analysis,  it  is 
possible  to  assemble  and  solve  the  global  stiffness  matrix  in-core.  The 
solution  procedure  uses  the  Finite  Element  Analysis  Basic  Library  [48]. 

2.  TRANSFORMATION  OF  ELASTICITY  MATRIX 

The  Axisymmetric  Joint  Analysis  Program  requires  the  material  elas- 
ticity matrices  [C]  in  global  coordinates,  either  explicitly  or  by  calculation 
in  the  program.  The  orthotropic  material  principal  axes  will  in  general  not 
be  parallel  to  the  global  coordinates.  For  convenience  of  the  user,  the 
elasticity  matrix  should  therefore  be  describable  in  terms  of  its  parameters 
in  the  principal  material  axis  coordinates,  and  the  orientation  of  those 
coordinates  in  the  global  coordinates. 

The  analyses  intended  to  be  performed  using  this  program  all  have 
the  radial  direction  as  one  of  the  principal  material  axes.  The  program  has 
been  restricted  to  this  case,  so  the  orientation  of  the  material  coordinates 
is  given  simply  as  the  "ply  angle,"  the  angle  between  the  axial  coordinate 
and  the  first  principal  material  coordinate.  The  program  rotates  [C]  matrix 
as  necessary  to  obtain  it  in  global  coordinates,  as  described  below. 

Finite  element  analysis  of  composite  materials  often  requires  that 
a region  of  the  structure,  containing  non-homogeneous  material,  be  treated  as 
a homogeneous  material.  For  example,  one  protion  of  a laminated  structure 
may  contain  many  layers,  with  the  ply  angles  of  the  layers  alternating  +30°. 

A mesh  which  distinguished  each  layer  would  be  much  too  fine.  Instead,  the 
portion  of  the  structure  may  be  considered  as  a homogeneous  material  with 
average  properties.  The  user  is  responsible  for  the  interpretation  of  results 
when  utilizing  this  option  of  the  program. 
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Transformation  of  the  material  elasticity  matrix  is  complicated  by 

the  fact  that  it  is  a matrix  representation  of  a relationship  which  is  really 

a fourth-order- tensor.  The  tensor  stress  a.,  and  the  tensor  strain  y..  are 

■ J ^ J 

related  by  the  elasticity  tensor  E^i  according  to: 


aij  = Ei jkl  Ykl 


H-l 


Given  a new  coordinate  system  represented  by  a tilde  (~),  the  the  direction 

cosines  1~.  between  the  m 
mi 

transformation  is  simply: 


cosines  1-..  between  the  new  m^  and  old  i^*1  coordinates,  the  tensor  strain 


'kl 


Vk  Vl  Ypr 


and  hence. 


Emnpr  mi  1 n j Vk  Vl  V'jkl 


H-2 


H-3 


Difficulties  arise  when  the  stresses  and  strains  are  represented  as 
vectors,  and  the  elasticity  tensor  as  a matrix,  destroying  some  of  the  mathe- 
matrical  simplicity  of  the  relationships.  The  strain  tensor  is  represented 
as  a vector  according  to: 

{y}  = Y22»  >33’  >23’  Y13’  y12}  H"4 

The  stress  tensor  is  likewise  represented  as  a vector  according  to: 

{a}  = {air  a^2,  a33>  a^y  a13,  o^}  H-5 

In  order  to  simplify  the  format  of  the  stress-strain  relationship  an  "engineer- 
ing strain  vector"  is  then  defined  as: 


{c}  ’ {y11  y22  y33  2y23  2y13  2y12} 
Now  the  transformation  of  strain  becomes: 

{e}  = [RT]  {1} 


H-6 


H-7 


where  R contains  product-pairs  of  the  direction  cosines,  along  with  some  factors 
of  two. 
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Giving  the  stress-strain  relationship  for  the  stress  vector  and  the 
engineering  strain  vector  as: 

{o}  = [C]  {e}  H-8 

the  transformation  of  the  elasticity  matrix  [C]  is  then  seen  to  be: 

[C]  = [R]  [C]  [RT]  H-9 

The  thermal  expansion  coefficients  {a}  must  also  be  transformed  into 
the  new  (global)  coordinate  system.  Since  the  thermal  strain  is  proportional 
to  the  {a}  vector, the  {a}  vector  will  transform  in  the  same  manner  as  strain. 

Hence, 

{a}  = [RT]_1  (a)  H-10 

Note  that  the  rotation  matrix  [R]  is  not  orthonormal,  hence  [RT]  f [R]""' . 

3.  USER'S  GUIDE  PART  I:  MESH  GENERATION 

The  Axisymmetric  Joint  Analysis  Program  provides  almost  completely 
automatic  quadrilateral  mesh  generation  capabilities.  This  subsection  explains 
these  capabilities,  and  the  parameters  which  the  user  must  specify  in  order  to 
implement  them.  The  details  of  input  card  format  are  deferred  to  the  following 
subsection. 

The  quadrilateral  mesh  in  its  simplest  form  is  a rectangle  aligned 
with  the  radial  and  axial  axes,  as  shown  in  Figure  H-2.  The  locations  of  the 
four  corners  are  defined  by  the  basic  location  numbers  of  the  corners,  in  the 
order  (upper  left,  upper  right,  lower  left,  lower  right).  In  this  example 
the  corners  are  locations  (6,  27,  12,  54). 

The  mesh  produced  by  the  program  consists  of  boxes,  further  sub- 
divided into  triangles.  The  number  of  rows  of  boxes  (NHIGH)  and  number  of 
columns  of  boxes  (NWIDE)  must  be  specified.  In  this  case  NHIGH  = 2 and  NWIDE  = 3. 
The  boxes  are  subdivided  by  diagonals  into  triangles  with  all  diagonals  aligned 
similarly,  with  diagonals  reaching  comers  2 and  3 but  not  1 or  4. 


254 


CORNER  1 
LOCATION  6 

40DE  7 

A5]/ 


(RADIAL) 


NODE  9 
CORNER  3 
LOCATION  12 


NODE  17/ 

NODE  27/ 

A53  /^ 

A55,/ 

/“^ 454 

/A56 

NODE  ij// 

NODE  2^/ 

459 >/ 

46 1/^ 

460 

/^ 462 

CORNER  2 
LOCATION  27 


NODE  38 


NODE  19  NODE  29  NODE  39 

CORNER  4 
LOCATION  54 


Y (AXIAL) 


Figure  H-2.  Example  Mesh 
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The  node  numbers  are  specified  by  providing  NSTART,  NADD,  and  some- 
times NEXTRA.  NSTART  is  the  node  number  at  corner  1;  in  this  case  NSTART  = 7. 
The  nodes  within  each  column  are  numbered  consecutively.  The  node  numbers  at 
the  tops  of  the  columns,  except  for  the  first,  are  calculated  as  follows.  For 
the  general  case,  each  node  number  at  the  top  of  a column  is  NADD  more  than 
that  at  the  top  of  the  previous  column.  For  the  case  shown,  NADD  = 10.  It  is 
often  necessary  to  have  an  extra  added  amount  for  the  top  of  the  second  column, 
which  will  not  be  used  for  later  columns,  and  this  may  be  specified  as  NEXTRA. 
That  is,  the  node  number  at  the  top  of  the  second  column  is  NSTART  + NADD  + 
NEXTRA.  There  is  also  a parameter  NEXTRI  which  is  intended  for  a capability 
not  yet  implemented,  which  should  always  be  set  to  zero. 

The  triangular  elements  in  the  mesh  are  numbered  rowwise  as  shown. 

The  number  of  the  initial  element  depends  on  how  many  elements  were  defined 
by  previous  mesh  definitions. 

When  a quadrilateral  mesh  is  desired  that  does  not  align  with  the 
radial  and  axial  axes,  or  where  the  diagonals  are  desired  in  the  opposite 
sense,  the  above  description  of  the  mesh  holds  with  the  following  stipulations: 
The  corners  must  be  numbered  with  corner  1 and  corner  4 not  adjacent. 

"Rows"  always  go  from  corner  1 to  corner  2,  from  corner  3 to  comer  4,  and 

relatively  parallel  in  between.  "Columns"  always  go  from  corner  1 to  corner  3, 
from  corner  2 to  corner  4,  and  relatively  parallel  in  between.  The  "top"  of 
a column  is  the  end  closest  to  corner  1 or  corner  2.  No  matter  how  weird 
the  shape  and/or  organization  of  the  mesh,  constraints  and  forces  are  always 
referenced  on  the  global  (radial  + axial)  coordinate  system.  The  tempera- 
tures specified  at  the  four  locations  defining  the  corners  of  the  mesh  are 
assumed  to  vary,  like  the  coordinates,  bi linearly  within  the  mesh. 

Meshes  should  be  designed  on  the  input  cards  as  "type  2,"  unless 
they  satisfy  the  requirement  which  allow  them  to  be  designated  as  "type  3"  for 
more  efficiency.  A "type  3"  mesh  must  be  a parallelogram  with  top  (corner  1 

to  corner  2)  and  bottom  (corner  3 to  corner  4)  parallel  to  the  axial  axis. 
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Improved  efficiency  results  from  the  similarity  of  all  upper  or  lower  triangles 
in  each  row. 

There  are  many  considerations  which  the  user  must  keep  in  mind  when 
preparing  meshes.  Some  are  common  in  finite  element  structural  analysis,  such 
as  keeping  the  boxes  in  the  quadrilateral  meshes  reasonably  near  square  to 
assist  in  maintaining  good  numerical  behavior.  Also,  mesh  fineness  must  be 
chosen  to  provide  sufficient  accuracy  without  excessive  computational  costs. 

Other  considerations  are  dictated  by  the  particular  numerical  solu- 
tion routines  used.  In  this  case,  FEABL  is  used,  requiring  sequential  node 
numbering  starting  with  1.  No  resequencing  is  performed;  the  user  should  pre- 
pare the  sequencing  to  provide  minimum  bandwidth.  The  program  has  been  designed 
to  make  this  preparation  easy  for  problems  that  are  longer  in  the  axial  direc- 
tion than  in  the  radial  direction,  such  as  tubular  joints.  Minimum  bandwidth 
can  then  be  obtained  by  numbering  the  nodes  at  each  axial  location,  before 
proceeding  to  the  next  axial  location  across  the  structure.  The  automatic 
mesh  node  numbering  scheme  which  was  described  earlier,  primarily  based  on 
NSTART  and  NADD,  makes  this  preparation  convenient. 

4.  USER'S  GUIDE  PART  II:  INPUT  DATA  FORMAT 

There  are  seven  types  of  groups  of  input  cards.  These  are 
Definition  of  materials 

Definition  of  basic  locations  and  temperatures 

Definition  of  quadrilateral  meshes  of  elements, 
and  sometimes  single  elements 

Definition  of  the  constrained  degrees  of  freedom 

Definition  of  the  applied  loads 

Definition  of  the  temperatures  at  the  basic 
locations,  without  modification  to  the  basic 
locations 

Definition  of  parameters  used  in  the  solution, 
and  computation  of  the  solution 


MATERIALS: 

LOCATIONS: 

MESHES: 

CONSTRAINTS: 

LOADS: 

TEMPERATURES: 

RUN: 
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The  description  of  the  structural  problem  to  be  analyzed  is  provided  to  the 
program  using  the  first  5 groups,  in  any  order.  Then  a RUN  card  is  used  to 
initiate  computation  of  the  result.  Variation  of  the  problem  may  then  be 
made  by  providing  any  or  all  of  the  first  6 types  of  groups,  followed  by 
another  RUN  card  for  a new  solution.  The  input  should  be  prepared  care- 
fully, in  exact  agreement  with  the  specifications  contained  herein. 

Detailed  descriptions  of  each  input  card  group  follow.  Whenever  a 
field  (series  of  card  columns)  is  to  contain  a number,  the  required  form  of 
the  number  is  standard  Fortran  integer  (I)  format  for  numbers  which  are 
inherently  integers,  and  standard  Fortran  floating  point  (F  or  E)  format  for 
other  numbers.  Alphanumeric  information  is  in  standard  Fortran  A format. 

The  "MATERIALS"  group  consists  of  its  title  card  and  several  data 
cards  for  each  material  described.  There  may  be  a maximum  of  20  materials 
described.  The  "MATERIALS"  title  card  consists  of: 

Cols  1-9  "MATERIALS" 

Cols  11-15  nmat 

Cols  41-80  (title  of  materials) 

The  value  of  nmat  prescribes  the  number  of  materials  described,  each  of  which 
will  have  a set  of  data  cards.  The  first  material  data  card  consists  of: 

Cols  1-5  material  number  (must  be  consecutively  numbered 
from  1 to  nmat) 

Cols  6-10  INCODE,  an  integer  code.  If  INCODE  is  zero,  the 
user  must  provide  all  36  entries,  row  after  row, 
of  the  6x6  C (material  properties)  matrix  on  the 
next  5 data  cards.  If  INCODE  is  not  zero,  the 
user  must  provide  the  values  of  Young's  modulus, 
the  shear  modulus,  and  Poisson's  ratio  for  the 
longitudinal  and  transverse  directions  on  the  next 
card. 

Cols  11-20  material  weight  density  (this  value  is  used  to 

calculate  the  total  weight  of  each  material  used) 

Cols  21-30^  the  three  thermal  expansion  coefficients 

31-40 > (alpha)  for  the  principal  material  axes  which  will 
4 1 - 50 J be  rotated  to  generate  the  6 coefficients  in  global 
coordinates  (rotation  of  alphas  not  presently 
implemented) 
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If  INCODE  is  not  zero,  the  second  material  data  card  consists  of: 


Cols  1-10  El 
Cols  11-20  Et 
Cols  21-30  Glt 
Cols  31-40  Gn 
Cols  41-50  Vjj 
Cols  51-60 
Cols  61-70  Vy^ 


Cols.  71-80  PLYANG  = Ply  angle  indicator  in  units  of  degrees. 

a)  If  PLYANG  is  between  plus  and  minus  90.0 
inclusive,  PLYANG  is  the  angle  of  the  plies 
for  the  material 

b)  If  PLYANG  is  between  100  and  190, then  the  ply 
angles  are  plus  and  minus  (PLYANG  -100)  and 
the  total  material  properties  matrix  will  be 
the  average  of  C for  +(PLYANG  -100)  and  C for 
-(PLYANG  -100) 

c)  If  PLYANG  is  200, then  the  next  2 data  cards 
will  provide  the  angles  and  fraction  of  the 
material  to  which  that  ply  angle  applies 


If  INC0DE  is  not  zero  and  PLYANG  in  Cols  71-80  of  the  second  material  card  is 
200,  the  third  and  fourth  material  data  cards  consist  of: 


Cols 

Cols 

Cols 

Cols 

Cols 

Cols 


1-10  ANG^'  where  ANG^  is  the  ply  angle  indicator  for 
11720  ANG^  .the  ith  section  of  plies. 

71^80  ANG0 


1-10  PARTijwhere  PART^  is  the  fraction  of  the  material 
1 1 -20  PART^whose  plies  have  a ply  angle  indicator  of 
71  *-80  PARTgjANG.. 


If  any  ANG^ 
If  any  ANG. 
for  section 


is  between  plus  and  minus  90°,  the  ply  angle  for  section  i is  ANG^. 
is  between  100  and  190,  plus  and  minus  (ANG..-100)  are  the  ply  angles 
i and  a C matrix  which  is  the  average  of  the  C matrix  for  +(ANG-100) 
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degrees  and  the  C matrix  for  -(ANG-100)  degrees  will  be  calculated.  If  a PART^ 
is  zero,  it  is  assumed  that  there  are  only  i-1  sections  in  the  material.  Thus 
the  final  C matrix  is: 


(H-ll) 


# of  sections 

Cfinal  = if1  PARTi  C. 


where 

(H-12)  Ci  = Ri  C(no  rot^  rT 


H-ll 


H-12 


and  R^  is  the  rotation  matrix  described  in  Subsection  H.2.  If  INCODE  is  zero, 
then  all  of  the  above  data  cards  after  the  first  do  not  appear.  The  second 
through  sixth  material  data  cards  provide  the  matrix  of  material  properties 
[C]  where: 


(a)  = [C]  {£} 


for  six  stresses  and  strains  in  the  order: 


1)  radial  extensional 

2)  axial  extensional 

3)  circumferential  extensional 

4)  axial /circumferential  shear 

5)  radial/circumferential  shear 

6)  radial/axial  shear 

The  C matrix  (dimension  6x6)  is  provided  by  rows  on  these  next  5 data  cards, 
8 numbers  per  card,  10  columns  per  number. 

The  "LOCATIONS"  group  consists  of  a title  card  and  one  data  card 
for  each  basic  location  specified.  The  "LOCATIONS"  title  card  consists  of: 


Cols  1-9 
Cols  11-15 
Cols  16-20 
Cols  41-80 


"LOCATIONS" 

nbl  (number  of  basic  locations) 
nnt  (number  of  nodes) 

(title  of  locations) 
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The  value  nbl  prescribes  the  number  of  locations  that  will  be  defined.  The 
value  nnt  prescribes  the  total  number  of  nodes  that  will  be  used  in  the  analy- 
sis. Each  locations  data  card  consists  of: 

Cols  1-5  location  number  (must  be  numbered  consecutively 
from  1 to  nbl ) 

Cols  11-20  radial  coordinate  (X) 

Cols  21-30  axial  coordinate  (V) 

Cols  31-40  temperature 

The  maximum  number  of  basic  locations  that  may  be  specified  is  60.  There  is 
no  limit  on  the  number  of  nodes.  If  a "LOCATIONS"  title  card  is  provided  with 
nbl  = 0,  then  there  is  no  change  to  the  previous  specification  of  locations 
(by  a previous  "locations"  group  of  input  cards)--but  nnt  and  the  "locations" 
title  are  modified  to  the  new  value  and  characters  provided. 

The  "MESHES"  group  consists  of  its  title  card,  and  a data  card  for 
each  element  or  mesh  specified.  The  "MESHES"  title  card  consists  of: 

Cols  1-6  "MESHES" 

Cols  11-15  nedt  (number  of  mesh  definition  cards) 

Cols  41-80  (title  of  meshes) 

The  format  of  each  mesh  data  card  varies  depending  on  the  type  of  mesh  pre- 
scribed. It  always  begins: 

Cols  1-5  mesh  number  (consecutive  beginning  with  1) 

Cols  6-10  mesh  type 

where  type  1 is  a single  triangle  and  types  2 and  3 are  quadrilateral  meshes. 
The  data  card  for  a single  triangle  is: 

Cols  1-5  mesh  number 

Cols  6-10  "1" 

Cols  16-20  material  number 

Cols  21-25}  basic  location  numbers  at  the  three  corners  of 
26-30>  the  triangle 
31-35) 

Cols  36-40}  node  numbers  at  the  three  corners  of  the  triangle 
41-45>  (same  order  as  locations  provided) 

46-50J 
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The  data  card  for  a quadrilateral  mesh  is: 

Cols  1-5  mesh  number 

Cols  6-10  "2"  or  "3"  (see  Subsection  H.3  for  the  distinction) 

Cols  16-20  material  number 

Cols  21-25")  basic  location  numbers  at  the  four  corners:  usually 
26-30/  Uleft,  Uright,  Lleft,  Lright 
31-35 1 
36-40 ) 

Cols  41-45  nstart 
46-50  nadd 
51-55  nhigh 
56-60  nwide 
61-65  nextra 
66-70  nextri 

The  meanings  of  the  parameters  on  this  card  were  explained  in  Subsection  H.3. 
The  maximum  number  of  meshes  that  may  be  specified  is  30.  There  is  no  limit 
on  the  number  of  triangular  elements  produced  by  the  meshes. 

The  "CONSTRAINTS"  group  consists  of  its  title  card  and  the  specified 
number  of  constraint  data  cards.  The  constraints  title  card  consists  of: 

Cols  1-7  "C0NSTRS" 

Cols  11-15  ncdc  (number  of  constraint  data  cards) 

Cols  41-80  (title  of  constraint) 

Each  constraint  data  card  specifies  one  or  both  constrained  degrees  of  freedom, 
at  one  or  more  nodes.  To  specify  constraints  at  one  node  only  the  form  is: 

Cols  1-5  node  number 

Cols  16-20  "1"  if  X deflection  is  constrained,  "0"  if  not 

Cols  21-25  "1"  if  Y deflection  is  constrained,  "0"  if  not 

Cols  26-30  "1"  if  hoop  deflection  is  constrained,  "0"  if  not 

Cols  31-35  the  value  to  which  the  deflection  is  constrained 

To  specify  constraints  at  more  than  one  node,  the  form  is: 

Cols  1-5  nl  = first  node  number 

Cols  6-10  n2  = last  node  number 
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Cols  11-15  nd  = delta  between  node  numbers 
(=1  if  specified  as  zero) 

Cols  16-50  (same  as  for  single  node  as  shown  above) 

This  constrains  X,Y  and/or  Hoop  deflection  at  nodes  nl,  nl+nd,  nl+2nd, . . . ,n2 . 
The  program  requires  that  (n2-nl)  be  a positive  integral  multiple  of  nd.  The 
total  number  of  constrained  degrees  of  freedom  defined  by  all  constraint  input 
cards  may  not  exceed  200. 

The  "LOADS"  group  consists  of  its  title  card  and  the  specified  number 
of  loads  data  cards.  The  "LOADS"  tital  card  consists  of: 

Cols  1-5  "LOADS" 

Cols  11-15  number  of  loads  data  cards 

Cols  41-80  (title  of  loads) 

Each  load  specification  card  consists  of: 

Cols  1-5  nl 
Cols  6-10  n2 
Cols  11-15  nd 
Cols  16-25  xf 
Cols  26-35  xl 
Cols  36-45  yf 
Cols  46-55  yl 
Cols  56-65  hoopf 
Cols  66-75  hoopl 
Col  80  nhalf 

To  specify  the  loads  at  a particular  node,  provide  nl  as  that  node  number  and 
leave  n2  and  nd  blank.  To  specify  the  loads  at  a sequence  of  nodes,  specify 
nl,  n2  and  nd.  If  nd  is  specified  as  zero,  a value  of  1 is  assumed.  Thus  if 
n2  is  not  zero,  the  loads  will  be  assumed  specified  at  nodes  nl,  nl+nd, 
nl+2nd, . . . ,n2.  The  program  requires  that  (n2-nl)  be  a positive  integral 
multiple  of  nd;  (n2-nl)  may  be  negative  in  which  case  nd  must  also  be  negative. 
The  maximum  number  of  nodes  at  which  loads  are  specified  by  all  loads  data 
cards  is  200.  The  number  of  load  data  cards  may  be  zero  in  which  case  there 
are  no  applied  loads.  To  specify  the  X,  Y and  hoop  forces  at  the  node(s), 


1 < 
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provide  xf,  yf  and  hoopf  respectively.  To  specify  a linearly  varying  set  of 
X,  Y and  hoop  forces  at  a sequence  of  nodes,  specify  xf,  yf  and  hoopf  as  the 
forces  at  node  1 and  specify  xl , yl  and  hoopl  as  the  forces  at  node  2.  It  is 
not  permitted  to  specify  xl , yl  or  hoopl  as  zero  when  using  the  linearly  vary- 
ing set  of  forces.  Because  of  program  logic, that  type  of  force  must  be  input 
as  non-zero  forces  for  xf,  yf,  and/or  hoopf,  zero  force  for  xl , yl  and/or 
hoopl  and  node  numbers  decreasing  from  nl  to  n2  with  a negative  nd.  When  a 
sequence  of  forces  at  nodes  is  provided  and  the  forces  are  to  be  halved  at 
the  first  and  last  nodes  only,  set  nhalf  = 1.  Then  the  first  forces  will  be 
l/2xf,  l/2yf  and  1/2  hoopf  and  the  last  force  will  be  1/2x1,  l/2yl  and  1/2  hoopl. 

The  "TEMPERATURES"  group  consists  of  its  title  card  and  as  many 
temperature  data  cards  as  there  are  basic  locations  (as  specified  by  the  pre- 
vious locations  group  of  input  cards).  The  temperature  title  card  consists  of: 

Cols  1-5  "TEMPS" 

Cols  61-80  (title  of  temperatures) 

The  (title  of  temperatures)  will  replace  the  second  half  of  the  (title  of 
locations)  provided  by  the  previous  locations  group  of  input  cards.  Each 
temperature  data  card  consists  of: 

Cols  1-5  location  number  (numbered  consecutively  from  1 to 
nbl ) 

Cols  31-40  temperature 

For  the  usual  case,  there  will  be  no  temperature  input  group.  This  is  because 
desired  temperatures  may  be  input  as  part  of  the  locations  input  group. 

Once  the  other  groups  of  input  cards  have  been  provided,  the  "RUN" 
card  instructs  the  program  to  find  the  solution  and  also  provides  some  addi- 
tional information  required  for  the  problem.  The  format  of  the  "RUN"  card  is: 

Cols  1-3  "RUN" 

Cols  11-15  usually  0--(unless  special  test  output  is  desired) 

Cols  16-20  usually  0--"l"  if  output  of  average  stresses  in 
each  box  rather  than  in  each  triangle  is  desired 

Cols  21-30  TREF  = reference  temperature  at  which  structure 
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PROGRAM  CAPACITY 


The  present  version  of  the  program  has  a capacity  for: 

a)  20  materials 

b)  60  basic  locations 

c)  30  meshes  of  elements 

d)  200  constrained  degrees  of  freedom 

e)  200  nodes  at  which  loads  are  prescribed 

f)  8 ply  angles  per  mixed  material 

If  the  user  wishes  to  change  these  limitations,  he  must  change  the  appropriate 
dimensions.  To  change: 

a)  the  number  of  materials  from  20  to  N,  he  must  change  the 
dimensions  of  DENS,  ALPH,  C,  and  WGT  by  replacing  the  20 
by  N. 

b)  the  number  of  basic  locations  from  60  to  N,  he  must  change 
the  dimensions  of  X,  Y,  and  T by  replacing  60  by  N. 

c)  the  number  of  meshes  from  30  to  N,  he  must  change  the 
dimensions  of  NETYP,  NODE,  and  MAT  by  replacing  30  by  N. 

d)  the  number  of  constraints  from  200  to  N,  he  must 
change  the  dimensions  of  NCD0F  and  N0DEL  by  replacing 
200  by  N. 

e)  the  number  of  nodes  at  which  loads  are  prescribed  from 
200  to  N,  he  must  change  the  dimensions  of  FX,  FY,  FHP 
and  DISPL  by  replacing  200  by  N. 

f)  the  number  of  ply  angles  per  material  from  8 to  N,  he 
must  change  the  dimension  of  ANGS  and  PART  by  replacing  8 
by  N. 

In  addition  to  the  above  changes,  the  user  may  modify  the  MAIN  pro- 
gram dimension  of  the  RE  and  IN  vectors  used  by  the  FEABL  solution  procedure. 
The  value  of  the  dimension  of  these  vectors  indirectly  determines  the  program 
capacity  for  number  of  nodes  and  bandwidth.  The  program  output  will  note  if 
there  are  insufficient  dimensions  present,  for  each  analysis. 
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The  user  must  also  specify  the  region  size  required  for  the 
program.  This  size  is  approximately  90,000  + 4N  BYTES,  where  N is  the 
dimension  of  RE  and  IN. 

6.  EXAMPLE  JOINT  ANALYSIS 

A joint  between  a 1.5-in.  diameter  graphite/epoxy  tube  and  an 
outer  steel  fitting  was  analyzed  to  estimate  stress  concentration  factors 
and  to  assess  the  effects  of  thermal -shock  temperature  gradients  on  fatigue 
stresses  in  tubes  subjected  to  accelerated  thermal  cycle  tests.  The 
finite-element  mesh  is  illustrated  in  Figure  H-3.  Small  variations  of  bond 
thickness  and  number  of  90°  plies  were  studied,  as  indicated  by  the  dimen- 
sions in  Table  H-l.  (See  Appendices  A and  C for  elastic  properties  used 
in  the  analysis. ) 
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TABLE  H-l 
CASES  STUDIED 


C A 

S E S 

Item 

Nominal 

Thin  Bond 

Extra  90° 

Tube  Stacking  Sequence 

[90°/0°6/90°] 

[90°/0°6/90£] 

[90°/0°6/90°] 

Bond  Thickness  (in) 

0.010 

0.007 

0.010 

R]  (in) 

0.620 

0.623 

0.606 

R2  (in) 

0.633 

0.636 

0.626 

R3  (in) 

0.737 

0.747 

0.730 

R4  (in) 

0.750 

0.753 

0.750 

The  three  models  cited  above  were  subjected  to  three  uniform 
loading  conditions.  A compressive  axial  load  of  5, "520  lb.  simulated  an 
extreme  launch  load  equivalent  to  about  twice  the  first-passage  load  if 
the  model  is  scaled  up  to  a feed-truss  longeron  diameter.  A torque  of 
1,450  lb. in.  was  chosen  arbitrarily  to  represent  a value  somewhat  larger 
than  the  torsional  loads  expected  in  either  feed-truss  design.  A tempera- 
ture change  AT  = -217. 6°C  (-392°F)  was  chosen  to  represent  the  cold-soak 
test  equilibrium  condition  (Appendix  C),  i.e.,  transition  from  room  tem- 
perature to  liquid  nitrogen  temperature. 

Results  from  these  analyses  are  plotted  in  Figures  H-4  through 
H-7.  Stresses  near  the  outer  surface  of  the  graphite/epoxy  tube  due  to 
axial  load  are  shown  in  Figure  H-4.  Stress  concentration  factors  of  about 
1.5  in  the  0°  plies  and  3.2  in  the  90°  plies  are  apparent.  Figure  H-5 
illustrates  the  corresponding  interlaminar  stresses  in  the  bond.  Here, 
it  is  apparent  that  interlaminar  shear  is  the  most  significant  bond  stress. 
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The  only  significant  stress  caused  by  torsion  loading  is  an 
interlaminar  shear  in  the  bond.  Figure  H-6  illustrates  this  distribution 
and  shows  that  the  torsional  stress  is  small  in  comparison  with  the 
stresses  caused  by  axial  load. 

Bondline  interlaminar  stresses  caused  by  the  cold  soak  are 
shown  in  Figure  H-7.  These  stresses  are  somwhat  larger  than  the  axial  - 
load  stresses  (compare  with  Figure  H-5).  Again,  interlaminar  shear  is 
more  significant  than  interlaminar  normal  stress.  Also,  in  all  three 
load  cases  it  is  apparent  that  neither  the  30  percent  reduction  of  bond 
thickness  nor  the  addition  of  90°  plies  has  caused  any  significant  change 
in  the  stress  levels. 

Thermal-shock  conditions  were  studied  by  placing  a linear 
temperature  gradient  AT  across  the  wall  of  the  nominal -tube  model,  as 
shown  in  Figure  H-8.  A total  temperature  change  AT  = 40°F  corresponds 
to  the  estimated  condition  for  accelerated  testing  by  immersing  a bare 
tube  in  liquid  nitrogen  (see  Appendix  C).  Contours  of  radial,  hoop, 
axial,  and  shear  (t  ) stresses  for  this  case  are  plotted  in  Figures  H-9 
through  H-12.  The  most  significant  stress  is  the  hoop  component  in  the 
90°  plies  at  the  outer  surface  of  the  tube  (stresses  from  1 to  2 ksi). 
However,  the  stresses  in  the  bondline  appear  to  be  quite  low. 

An  additional  check  on  the  bondline  was  made  by  calculating  the 
Mises-Hecky  equivalent  stress: 

°eff  = /l/2  [(or  - ag)2  + (aQ  - az)2  + (az  - ar)2]  + H-13 

at  the  ends  and  midpoint  of  the  bond.  The  results,  summarized  in  Table 
H-2,  indicate  that  the  equivalent  stresses  due  to  thermal  shock  are  at 
most  only  about  10  percent  of  the  cold-soak  stresses.  Hence,  cold-soak 
equilibrium  is  expected  to  be  the  dominant  factor  in  cyclic  thermal  fatigue. 
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Figure  H-5.  Bond  Stresses  Caused  by  Axial  Compression 
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Figure  H-6.  Bond  Stress  Caused  by  1.45  KIP-IN.  Torque 
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Figure  H-7.  Bond  Stresses  Caused  by  Cold  Soak 
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STRESS  SUMMARY 


Stress* 

L 0 C A 1 

"ION 

End  of 

Composite 

Tube 

Midpoi nt 

Entrance  to 
Fitting 

°r 

116 

-104 

45 

aG 

-250 

-381 

-284 

az 

-230 

-390 

-306 

arz 

-51 

-22 

169 

°eff 

368 

284 

450 

*Stresses  in  units  of  psi. 

The  foregoing  cases  were  analyzed  with  finite-element  models 
containing  884  degrees  of  freedom.  The  core  memory  requirement  was  170 
KBYTES  and  execution  time  averaged  about  5.6  CPU  sec  per  case,  on  an 
IBM  S-370/168. 


0 0 


T1  = TEMPERATURE  AT  STEEL/BOND  INTERFACE 
T2  = TEMPERATURE  AT  COMPOSITE/BOND  INTERFACE 
tl,  t2  OBTAINED  FROM  AT  BY  LINEAR  INTERPOLATION 


Figure  H-8.  Assumed  Temperature  Distribution 
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EFFECT  OF  ADHEREND  TAPER  ON  BONDED  LAP  JOINTS 

1 . GENERAL 

Load  transfer  in  lap  joints  occurs  through  a shear  stress  which 
tends  to  peak  near  the  ends  of  the  lap.  Material  and  geometrical  para- 
meters in  the  joint  affect  the  shear  stress  distribution.  A two-dimensional 
analysis  for  lap  joints  has  been  formulated  by  Goland  and  Reissner  [62]. 
Similar  one-dimensional  analyses  of  stresses  at  the  fiber/resin  interface 
in  composite  materials  have  been  formulated  by  Rosen  [63]  and  Kelly  [64]. 

The  class  of  formulations  represented  by  References  62,  63  and  64  have  come 
to  be  known  as  "shear-lag"  models.  This  appendix  outlines  a one-dimensional 
shear-lag  model  for  a lap  joint  which  allows  for  tapering  of  one  adherend 
representing  a metal  attachment  fitting  at  the  end  of  a composite  tube. 

2.  FORMULATION 

Figure  1-1  illustrates  the  model  geometry.  A tapered  metal 
fitting  (1)  and  a cylindrical  composite  tube  (2)  are  joined  by  a bond  of 
thickness  h,  and  length  L.  Shear,  hoop,  and  radial  stresses  are  neglected, 
and  the  axial  stresses  are  assumed  to  be  uniformly  distributed  through  the 
walls  of  both  adherends.  The  flaring  couple  caused  by  offset  of  the 
adherend  stresses  is  also  neglected.  The  bond  material  is  assumed  to  be 
subjected  only  to  a shear  stress,  which  is  constant  through  the  bond 
thickness. 

Let  s^  u..  (i  = 1,2)  be  the  adherend  axial  stress  and  displace- 
ment fields,  respectively,  and  let  sB  represent  the  shear  stress  in  the  bond. 
Figure  1-2  illustrates  free-body  diagrams  of  the  model,  from  which  the 
following  equilibrium  equations  are  derived: 


(A1s] ) ' - 2ttRsb  = 0 

1-1 

A2s2'  + 2ttRsb  = 0 

1-2 
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where  ( )'  = d(  )/dx.  Substituting  A^(x)  = A^  - A^x  in  Eq.  1-1  then 
leads  to: 

-A11s1  + (A1q  - A^x^  - 2ttRsb  = 0 1-3 

The  stress-strain  relations  for  the  adherends  and  bond  can  be 
expressed  as: 

S1  = Elul  s2  = E2u2  sB  = h ^U1  ' u2^ 

Equations  1-2  through  1-4  can  now  be  combined  to  eliminate  the  stresses, 
leading  to  the  following  coupled  differential  equations  for  the  displacement 
fields: 


E-|  (A10  - Anx)uf  - E1A11u]  - (U]  - u2)  = 0 1-5 

E2fl2u2  * ™ (“1  - “2>  " 0 ‘-6 

Using  Eq.  1-6  to  eliminate  u-j  then  yields  the  following  fourth-order  differ- 
ential equation  in  u^: 


hE i ^2^2 

2ttRG  * 


- Anx)u^ 


hE i ^2^] 1^2 

2ttRG 


_[E-|(Aiq  - Ai i x 1 + F 2A2]u2  + ^ 


1-7 


The  solution  of  Eq.  1-7  can  be  written  as: 

u?(x)=  E C xn 
c n=Q 


1-8 
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Figure  1-1.  Lap-Ooint  Shear-Lag  Model 
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Figure  1-2.  Free-Body  Diagrams 
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Substituting  Eq.  1-8  in  Eq.  1-7  results  in  a recurrent  relation  in  C with 

n 


four  independent  constants  (Cg,  C-| , C2>  Cg)  which  must  be  determined  from 
boundary  conditions.  The  recurrent  relations  are: 


-C„  ♦ 


®2Cn  - 2 *n  ' 3^63Cn  - 3 


In  - 1 n(n  - 1 ) n(n  - 1 ) (n  - 2) 


- 0; 


1-9 


n = 4,  5,  ....  N 


where 


All/A10 


I-10A 


2ttR6(E1A10  + E2A2) 


hElE2A10A2 


I - 1 OB 


2ttRGA 


11 


TiO 


1(^2 


I-10C 


Two  cases  will  be  considered  here.  In  the  first  case,  the  joint 
is  assumed  to  be  fully  clamped  at  x = 0,  while  the  free  end  of  the  composite 
tube  is  loaded  by  a prescribed  axial  stress  sQ  * P/A2>  The  boundary 
conditions  are  then  given  by: 


(0)  - u2(0)  = uj (L)  = 0 u2(L)  = sQ/E2 


1-11 


and  substitution  of  the  truncated  series  in  these  conditions  leads  to  the 
following  equations: 


C - C,  « 0 
0 2 


I-12A 


C1  + 


N-l 


nl2  <"  + 1>Cn+lL"S  VE2 


I-12B 
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I-12C 


In  the  second  case,  only  the  tapered  fitting  is  clamped  at  x = 0,  while  the 
composite  tube  is  assumed  to  be  stress-free  at  that  location,  and  the 
boundary  conditions  at  x = L are  unchanged: 

^(0)  « uj(0)  - uj(L)  - 0 u'(L)  = sq/E2  1-13 

Equations  I-12A,  12B  must  then  be  replaced  by  the  following  relations: 


N-l 

I 

n=l 


0 


ttRG  r 
hE2A2  Lo 


0 


<n+  Wn  + 1L"~=  so/E2 


I-14A 

I-14B 

I-14C 


while  Eq.  I-12C  still  applies. 

3.  SOLUTION  PROCEDURE  AND  RESULTS 

Equations  1-9,  together  with  four  boundary  conditions  from  Eqs. 
1-12  and  1-14,  form  a set  of  N + 1 linear  equations  in  the  N + 1 unknowns 
Cq,  C^,  C2,...Cn,  with  an  unsymmetric  coefficient  matrix.  These  equations 
can  be  solved  by  a general  algorithm  which  decomposes  the  coefficient 
matrix  into  lower- triangular,  diagonal  and  upper-triangular  factors  to 
permit  sequential  solution  [65,66]. 
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A sufficient  number  of  unknowns  must  be  retained  to  obtain 
solutions  converged  to  a desired  tolerance.  This  number  was  found  to  rise 
rapidly  with  increasing  taper  angle,  0 = tan"^(A^).  In  the  present  case, 
up  to  60  terms  were  retained  to  provide  four-place  accuracy  for  taper 
angles  up  to  about  3 degrees. 

The  attachment- joint  DDT  article  (Appendix  C)  was  adopted  as  a 
baseline  for  the  analysis,  with  some  variation  in  the  steel  fitting  and  the 
bond  thickness.  The  parameters  used  in  the  shear-lag  analysis  are 
summarized  in  Table  1-1. 


TABLE  1-1 


INPUT  DATA  FOR  TAPERED-JOINT  ANALYSIS 


! 


Material 

Dimensions 

1)  Steel  Fitting 

E^  = 30  x 106  psi 

Wall  thickness  (at  x=0)  = 0.046  in. 

0.025  £ wall  thickness  at  free 
end  £ 0.046  in. 

2)  Composite 

Tube 

[90o/0°10/90o] 

E2  = 17.7  x 106  psi 

Wall  thickness  = 0.0614  in. 

Bond 


G = 0.5  x 106  psi 
0.001  < h < 0.02 
L = 2.0  in. 


in. 
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Results  for  the  fully  clamped  case  are  presented  in  Table  1-2.  In  this 
case,  a shear  peak  exists  only  at  x = L.  Values  of  this  peak,  Sg,  are 
reported  for  various  combinations  of  taper  and  bond  thickness.  Also  shown 
are  the  percent  reductions  in  Sg  relative  to  zero  taper  and  a 0.001-in. 
bond  as  a baseline  case.  The  results  indicate  that  very  little  benefit 
can  be  gained  by  machining  a small  taper  in  the  fitting.  However,  tapers 
in  excess  of  10°  may  be  worth  investigating  in  the  future. 

The  partially  clamped  case  is  of  greater  interest  because  it 
cannot  be  assumed  that  a load-transfer  path  through  the  end  of  the  composite 
tube  will  be  available  in  a realistic  design.  In  this  case,  shear  peaks 
occur  at  both  ends  of  the  bond.  Table  1-3  presents  the  results  for  both 
peaks  and  for  the  same  combinations  of  taper  and  bond  thickness  as  in 
Table  1-2.  The  free-end  peak  (where  the  fitting  wall  thickness  is  smaller) 
is  uniformly  higher  than  the  clamped-end  peak.  Also,  comparison  of  the 
results  with  the  shear  stresses  in  Table  1-2  shows  that  removal  of  the 
axial  load-transfer  path  from  the  end  of  the  composite  tube  has  increased 
the  free-end  peak  by  about  10  percent  at  most.  However,  the  trend  of  the 
clamped-end  peak  suggests  that  fittings  possessing  steeper  entrance  tapers 
may  have  a higher  shear  peak  at  the  clamped  end. 

The  results  obtained  from  the  simplified  one-dimensional  shear- 
lag  model  suggest  that  appreciable  reductions  in  peak  bondline  shear 
stresses  can  be  achieved  by  careful  design  of  the  attachment  fitting. 
Specifically,  a steep  entrance  taper  (0  10  degrees)  should  be  combined 

with  an  untapered  runout.  Also,  it  should  be  possible  to  maintain  gross 
joint  stiffness  with  a very  thin  bond,  but  without  adverse  effects  on  the 
peak  shears,  by  incorporating  a small  amount  of  bondline  taper  in  the 
fitting  near  the  ends  of  the  bond.  It  will  be  worthwhile  in  future  investi- 
gations to  perform  detailed  stress  analyses  of  such  joints  to  determine 
whether  the  bondline  peak  shear  reductions  are  accompanied  by  comparable 
reduction  of  the  stress  concentrations  in  the  composite  tube.  A schematic 
detail  of  the  design  concept  suggested  above  is  shown  in  Figure  1-3. 
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TABLE  1-2 
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APPENDIX  J 


* 


DEPLOYMENT  DYNAMICS 


1 . ANTENNA  DEPLOYMENT  SCENARIO 

The  parabolic  reflector  antenna  is  deployed  by  igniting  squibs  to 
realease  the  antenna  ribs  from  the  housing  doubhnut.  The  pre-deployment 
configuration  is  shown  schematically  in  Figure  J-l.  The  antenna  ribs  are 
kept  in  a state  of  initial  strain  by  a tight  wrap  around  the  core  of  the 
housing.  The  reflector  mesh  is  attached  to  the  ribs,  and  hangs  in  folds 
between  them. 


ANTENNA  HOUSING  CORE 


RIBS 


PLAN  VIEW 


REFLECTOR  MESH 


STOWED 


TYPICAL  RIB 
AFTER 
DEPLOYMENT 


SECTION  A-A 


Figure  J-l . 


Antenna  Storage  Scheme 


Upon  release,  the  ribs  spring  back  toward  an  unstrained  state, 
applying  a transient  torque  to  the  feed  truss  through  the  housing.  The 
maximum  torque  for  a 50- foot  diameter  antenna  is  estimated  to  be  4,000  lb. 
ft.;  this  load  was  applied  statically  to  the  ATS/3-Ring  and  Tripod-B  designs 
in  the  first  phase  of  the  study  to  estimate  the  stress  levels  associated 
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deployment  [ 1 ].  A survey  of  the  computations  disclosed  maximum  static 
stresses  of  7.25  ksi  in  ATS/3-Ring  and  77.3  ksi  in  Tripod-B. 


However,  a better  assessment  of  deployment  stress  peaks  can  be 
made  by  modeling  the  truss/antenna  as  a one-degree-of- freedom  dynamic 
system,  taking  into  account  the  transient  nature  of  the  torque.  It  is 
shown  subsequently  that  the  torque  applied  to  the  feed  truss  must  be 
treated  as  a step  function  with  an  initial  ramp. 

2.  ANTENNA  MODEL 

While  it  is  being  deployed,  the  reflector  antenna  acts  as  a non- 
linear dynamic  system  because  of  its  large  change  in  radius.  However,  an 
approximate  equation  of  motion  for  the  antenna  can  be  derived  by  ignoring 
the  dynamic  effects  of  its  in-plane  flexibility.  The  approximate  model  is 
shown  in  Figure  J-2.  The  deployable  part  of  the  antenna  is  assumed  to 
consist  of  N flexible  ribs,  each  with  bending  stiffness  El,  and  a total  mass 
(including  the  reflector  mesh)  M = W/g,  where  W ~ 250  lb.  [l  ].  The  figure 
illustrates  the  antenna  in  a partially  deployed  state,  in  which  the  ribs 
have  unwrapped  through  an  angle,  <f>,  to  form  an  annulus  of  inside  radius  RQ 
and  outside  radius  R.  The  completely  deployed  state  will  be  represented 
similarly  by  4>i  and  R.| . During  deployment,  the  ribs  will  actually  be  bent 
somewhat  backward  by  inertial  forces.  However,  the  approximate  model 
neglects  this  in-plane  flexibility  effect  by  assuming  that  the  unwrapped 
portions  of  the  ribs  instantaneously  assume  and  maintain  a straight  config- 
uration. 

Under  the  foregoing  assumptions,  an  equation  for  the  instantaneous 
deployment  velocity,  <t>,  can  be  derived  from  an  energy  balance.  At  any 
deployment  angle,  <t>,  the  strain  energy 


r 


1 


Figure  J-2.  Antenna  Deployment  Model 

has  been  released  by  elastic  unbending  of  the  ribs.  This  energy  must  appear 
as  kinetic  energy  of  angular  motion  of  that  part  of  the  antenna  which  has 
been  deployed: 


U = 1/2  Ipi2 


J-2 


where  I is  the  current  mass  polar  moment  of  inertia.  The  moment  of  inertia 
can  be  estimated  by  assuming  a uniform  distribution  of  mass,  M’,  over  the 
annulus: 


ip  = M'(R2+R2)/2 


J-3 
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The  deployed  mass,  M‘ , can  be  estimated  by  assuming  its  value  to  be  propor- 
tional to  the  deployed  length  of  the  ribs,  and  also  by  assuming  RQ  « R : 

e R0 

M = M R~  = Hr*  J-4 

K1  R1 

Also,  from  Figure  J-2  the  geometrical  relationship: 


= Ro/t  + 


is  apparent.  Combining  Eqs.  J-l  through  J-5  then  leads  to: 


2 + <p 


where 


A = 2 / J-7 

/ MR^ 
o 

Differentiation  of  Eq.  J-6  also  yields,  after  substitution  for  <p,  the  follow- 
ing expression  for  angular  acceleration: 


0 = - 


(2  + 4>2)2 


The  model  can  be  calibrated  by  writing  the  equation  of  motion  relating 
reaction  torque,  T,  to  angular  acceleration: 


T = 

H 2 + <T 


where 


B = 1/2  M p-  A2 

K1 
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From  Eq.  J-9,  it  is  apparent  that  the  torque,  which  will  also  act 
upon  the  feed  truss,  is  a rapidly,  then  slowly,  increasing  function  of  <j>. 
The  magnitude  |T/B|,  is  illustrated  in  Figure  J-3. 


Figure  J-3.  Torque  as  a Function  of  Deployment  Angle 


3.  SOLUTION  AND  CALIBRATION  OF  ANTENNA  MODEL 

An  approximate  solution  of  the  antenna  deployment  can  be  obtained 
by  computing  0 and  <p  from  Eqs.  J-6  and  J-8  for  closely  spaced  values  of  <{>. 

It  is  then  assumed,  within  each  interval,  that  A<f>  = ‘<pAt  in  order  to  calculate 
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the  time  lapse  between  computed  states.  The  calculations  are  actually 
carried  out  in  accordance  with: 


XAtj 


(2  + 4>?r1/2  - (2  + <J,2  _ -,)'172 


1/2  <p.  _ t (2  + d>?  _ 1)-2  + 4>i  (2  + 4>f  )"2 


J-ll 


where  At^  is  the  time  lapse  between  states  i - 1,  i. 

Since  the  maximum  torque  is  attained  at  the  fully  deployed  state 
$1  = R-jG,  the  model  can  be  calibrated  using  Eqs.  J-9  and  J-10  as: 


B 


T-j  ( 2 + *2) 


J-12 


The  following  values  are  used  in  the  present  analysis: 

T1  = 4 x 103  lb. ft.  = 4.8  x 104  lb.  in. 

M = 250  lb/386.4  in/sec2  = 0.646  lb.  sec2/in. 

RQ  = 3 ft.  = 36  in. 

R-j  s 25  ft.  = 300  in. 


~ 4 -1 

The  above  parameters  give  8 = 4.94  x 10  lb.  in.  and  X = 31.4  sec  . 

Since  the  reaction  torque  will  be  applied  to  a feed  truss  whose 
mass  polar  moment  is  decreasing  as  the  moment  in  the  deployed  antenna 
increases,  some  attention  must  be  given  to  the  potential  change  in  the 
response  frequency  of  the  truss.  Also,  the  analysis  should  account  for 
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deployment  of  the  solar  panels,  which  are  positioned  before  the  antenna  is 
released.  The  weight  budget  for  the  deployment  scenario  is  shown  schemati- 
cally in  Figure  J-4. 


DEPLOYMENT  MECH.  - 65  LB. 

BOOMS  (25%)  - 43 

108  LB. 

| 

ANTENNA 

\ 

250  LB. 

L 


LAUNCH  STOWAGE: 
ANTENNA  & HOUSING  - 

250 

LB. 

DEPLOYMENT  MECH . - 

85 

BOOMS  (50%) 

86 

SOLAR  ARRAYS  (50%)- 

80 

481 

LB. 

SOLAR 

ARRAYS 

- 160 

BOOMS 

(75%) 

- 129 
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LAUNCH  STOWAGE: 

BOOMS  (50%)  - 86 

SOLAR  ARRAYS  (50%)-  80 

166 


Figure  J-4.  Deployment  Weight  Budget 
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The  first-torsion  frequencies  of  the  ATS/3-Ring  and  Tripod-B 
trusses  were  computed  to  be  9.93  and  2.67  Hz,  respectively  (see  Appendix  D). 
These  computations  assumed  the  481  lb.  hardware  budget  shown  in  Figure  J-4 
to  be  stowed  at  the  antenna  housing  for  launch.  Let  Jp  represent  the  mass 
polar  moment  corresponding  to  the  stowed  configuration.  Since  the  solar- 
array  booms  are  quite  flexible,  it  is  reasonable  to  assume  that  only  about 
25%  of  the  mass  of  the  booms  will  be  effective  in  providing  inertial  reaction 
to  the  antenna  deployment.  This  mass,  together  with  the  mass  of  the  boom 
deployment  mechanism,  makes  a total  of  108  lb.  which  remains  at  the  housing. 
The  250  lb.  antenna  weight  is  also  concentrated  at  the  antenna  housing 
initially.  Now,  let  Jp  represent  the  mass  polar  moment  of  the  truss  at  the 
start  of  antenna  deployment,  and  assume  that  the  effective  radius  of  gyration 
remains  constant.  Then: 

fn/fn  = V^Jp/Jp  ~ J 1084+125J  = 1,16  J"13 

where  fR  is  the  first- torsion  frequency  during  launch  and  f^  is  the  effective 
first- torsion  frequency  at  the  start  of  antenna  deployment.  During  deploy- 
ment, as  mass  is  transferred  from  the  housing  to  the  antenna,  the  frequency 
ratio  is  given  by: 


481 

358  - 250  (4>/«j>1 ) 


J-14 


Non-dimensional  plots  of  the  reaction  torque  and  truss  first- 
torsion  frequency  as  functions  of  time  are  shown  in  Figure  J-5.  Antenna 
deployment  is  quite  rapid,  consuming  about  1.17  sec.  from  start  to  attain- 
ment of  maximum  torque,  T1 . The  torque-time  history  can  be  treated  approxi- 
mately as  a linear  ramp: 

T(t)  = T^/0.2;  0 < t < 0.2  sec  J-15 
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followed  by  T = T.j  for  t > 0.2  sec.  The  frequency  plot  indicates  that  an 
average  scaling  factor,  f^/f  =1.25  over  the  first  0.2  sec.,  can  be  used  to 
represent  the  feed  truss  as  a linear  system. 


t (sec) 

Figure  J-5.  Torque  and  Frequency  Time-Histories 
4.  DYNAMIC  LOAD  FACTORS 

Static  stress  levels  of  7.25  ksi  in  ATS/3-Ring  and  77.3  ksi  in 
Tripod-B  were  obtained  by  static  analyses  with  the  maximum  torque,  T^ 
applied  [l  ].  Since  the  damping  factor  assumed  for  the  first  torsion  mode 
is  quite  low  = 0.02),  dynamic  load  factors  can  be  estimated  by  analyzing 


the  response  of  an  undamped  linear  system: 


2 T1 

%N  + ^n  ^DYN  = T (t/T);  °itiT 


J-16A 


2 'l 

^DYN  + wn  ^DYN  = T ; t * T 

P 


J-16B 


where  wn  = 2?rfn  and  Jp  now  represent  the  properties  of  the  truss  over  the 
ramp  interval,  t = 0.2  sec.,  and  where  <f>DYN  is  the  angle  of  twist  at  the 
top  of  the  truss.  However,  the  static  solution 


* - T>  - Ti 

*sr  ~ k ‘ 71 

Jp“n 


J-17 


can  be  substituted  in  Eq.  J-16  to  yield: 


— 2 — 
^DYN  + ‘‘•'n  ^DYN 


’ i 0 < t < T 


J-18A 


— 2 — 
^DYN  + wn  ^DYN 


a»n  ; t > t 


J-18B 


where  4>qY^  = ^dyn^st  dynamic  amplification  factor,  which  applies  to 

loads  and  stresses  as  well  as  the  twist  angle,  since  a linear  system  is 
assumed. 

The  solutions  of  Eqs.  J-18,  assuming  4DYN  = ^DYN  = 0 at  t = 0, 
are  given  by: 

_ t sin(o)  t) 

*DYN(t)  = 7 ’ i 0 <t  < t J-19A 
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‘t’DYN^ 


^ + sfn[<^(t  - t)]  - sin  ( o^t 


The  maximum  value  of  the  dynamic  load  factor  occurs  in  the  range  t > x,  and 
is  given  by: 


Results  for  the  two  candidate  designs  are  summarized  in  Table  J-l. 

TABLE  J-l 

SUMMARY  OF  RESULTS 


D E S I 

G N 

ITEM 

ATS/3-Ring 

Tripod-B 

fn  during  launch  (Hz) 

9.93 

2.67 

f for  deployment  (Hz) 

12.4 

3.34 

wn  for  deployment  (sec-1) 

77.9 

21.0 

V 

15.6 

4.2 

-max 

^DYN 

1.13 

1.48 

Peak  dynamic  stress  (ksi) 

8.16 

114 

5. 


DISCUSSION  AND  CONCLUSIONS 


The  deployment  dynamic  analysis  indicates  that  no  significant 
stresses  will  be  developed  in  ATS/3-Ring  during  antenna  release.  However, 
the  dynamic  load  factor,  when  applied  to  Tripod-B,  gives  a peak  nominal 
stress  of  114  ksi.  Hence,  static  strength  might  be  exceeded  at  the  longeron 
end-attachment  joints,  where  stress  concentration  factors  in  the  range  of 
1.5  to  2.0  are  expected. 

It  is  possible  that  a more  refined  analysis  of  the  nonlinear 
deployment  mechanics  might  reduce  the  dynamic  load  factor  for  Tripod-B. 

Such  analysis  may  be  worthwhile  for  other  similar  applications  in  situations 
where  the  joint  design  is  severely  constrained.  However,  in  the  present  case 
doublers  can  be  incorporated  at  the  Tripod-B  end-attachments  to  reduce  the 
stress  concentration. 

The  deployment  analysis  also  highlights  another  aspect  of  the 
communications  satellite  design  problem.  Although  the  solar-array  booms 
have  little  effect  on  the  feed  truss  during  antenna  deployment,  the  combin- 
ation of  boom  flexibility  and  the  high  mass  polar  moment  contributed  by  the 
arrays  suggest  that  dynamic  models  of  the  type  described  above  be  used  to 
analyze  transient  stresses  in  the  booms. 


296 


APPENDIX  K 


FABRICATION  OF  TUBULAR  GRAPHITE/EPOXY  COMPONENTS 

1 • BACKGROUND 

Some  deficiencies  in  the  tube  fabrication  procedures  used  in  the 
present  program  were  noted  briefly  in  Appendix  C.  Since  composite  tubes  are 
likely  to  continue  to  be  considered  for  space  applications,  including  larger 
diameter  tubes  for  large  space  structures,  it  is  appropriate  to  review  the 
experiences  of  other  investigators  who  have  fabricated  composite  tubes.  This 
background,  together  with  a review  of  tube  quality  in  the  present  program, 
will  provide  a basis  for  suggestion  of  future  avenues  of  research. 

The  choice  of  mandrel  material  and  configuration  is  an  important 
factor  in  tube  quality.  The  use  of  an  inner  steel  mandrel  (Fig.  K-l)  has  been 
criticized  in  the  literature  on  the  grounds  that  wrinkling  occurs  in  the  outer 
plies  as  hoop  compression  is  placed  upon  the  layup  by  applying  pressure  in  the 
cure  cycle.  Such  wrinkling,  particularly  in  0°  plies,  can  lead  to  serious 
degradation  of  axial  strength  and  stability  properties. 


LAYUP,  INCLUDING  PEEL  PLIES, 
BLEEDER  CLOTH,  AND  EXTERIOR 
VACUUM  BAGGING 


Figure  K-l.  Tube  Layup  on  Inner  Mandrel 
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Several  investigators  have  proposed  alternate  layup  procedures  for 
the  primary  purpose  of  obtaining  high-quality  tubes  to  be  used  as  materials 
test  specimens.  However,  the  work  of  these  investigators  also  has  an  important 
bearing  on  production  of  tubes  for  use  as  structural  components. 

A solid  Teflon  inner  mandrel  was  proposed  by  Davis  [19]  for  the  fab- 
rication of  [0°4]  S-glass/epoxy  and  boron/epoxy  tubes  with  approximately  0.5- 
in.  diameter.  After  prepreg  material  was  wrapped  on  the  mandrel,  the  layup 
was  covered  with  a heat-shrinkable  Teflon  sleeve,  which  shrinks  tightly  around 
the  layup  and  squeezes  air  out  the  ends  of  the  assembly  as  a heat  gun  is  applied. 
The  assembly  is  placed  inside  a steel  tube  during  autoclaving  to  prevent  the 
mandrel  from  sagging.  Typical  dimensional  variations  reported  for  boron/epoxy 
tubes  fabricated  by  this  procedure  were  +0.005  in.  O.D.  and  + 0.002  in.  wall 
thickness.  Strength  tests  conducted  by  potting  the  ends  of  the  tubes  in  steel 
fixtures  to  prevent  brooming  succeeded  in  developing  apparent  compressive 
strengths  for  both  materials  about  20  percent  higher  than  data  previously 
reported.  Thus,  use  of  a Teflon  inner  mandrel  system  apparently  eliminates 
the  wrinkling  problem  for  ‘tubes  fabricated  from  a few  axial  plies. 

Whitney  et  al.  fabricated  0°  and  0°/+45°/90°  tubes  containing  up  to 
8 plies  from  glass/epoxy,  boron/epoxy  and  graphite/epoxy  using  a four-piece 
outer  mandrel  system  [20].  Tube  diameter  is  not  reported,  but  appears  to  be 
about  3 to  5 in.  (see  Figure  7 in  reference).  The  outer  mandrel  technique  is 
shown  schematically  in  Figure  K-2.  Layup  is  performed  over  an  elastomeric 
bladder  attached  to  a perforated  inner  mandrel,  using  rollers  to  press  the 
prepreg  material  in  place.  The  completed  assembly  is  then  placed  in  a close- 
tolerance  outer  mandrel,  and  pressure  is  applied  to  the  inside  surface  of  the 
layup  during  cure  by  air  supply  to  the  inner  mandrel.  In  this  fashion,  the 
composite  tube  is  subjected  to  hoop  expansion  rather  than  compression,  thus 
preventing  wrinkling  during  processing. 


Presentation  of  test  data  is  limited  to  hydrostatic  pressure  tests 
of  short  rings  cut  from  0°  boron/epoxy  tubes.  The  authors  [20]  recommend  the 
ring  test  as  a quality-control  procedure  for  acceptance/rejection  of  the  tubes 
as  compression  strength  test  specimens.  The  data  reported  in  the  paper  indicate 
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PERFORATED  INNER  MANDREL 


Figure  K-2.  Layup  on  Inner  Mandrel  with  Curing  on  Outer  Mandrel 


that  most  of  the  tubes  achieved  acceptable  transverse  strength  in  the  hoop 
direction  (i.e.,  strength  equal  to  in  the  equivalent  flat  laminate). 

Manufacture  of  0°/+45°/90°  tubes  is  also  reported,  but  no  test  data 
are  presented.  The  90°  plies  were  lapped,  with  the  lap  seam  running  along  a 
helix  with  angle  approximately  15  to  20  degrees  from  the  tube  axis.  The 
authors  comment  that,  although  the  presence  of  lap  or  butt  seams  in  90°  plies 
should  degrade  transverse  strength,  the  degradation  has  not  been  quantitatively 
assessed.  They  also  imply  that  running  a helical  lap  seam  at  15  to  20  degrees 
might  avoid  excessive  strength  degradation  by  avoiding  alignment  of  the  seam 
with  directions  of  minimum  strength  in  the  other  plies  of  the  laminate. 

Additional  experience  with  the  outer  mandrel  technique  was  reported 
recently  by  Weed  and  Francis  [67].  Tubular  laminates  of  Modmor/5208  graphite/ 
epoxy  with  approximately  3 in.  O.D.  and  65  in.  length  were  fabricated  in  an 
unbalanced  sequence  [70°2/300/-700/r200/300/20°/700]*.  Layup  was  performed 
with  squeegee  rollers,  and  both  two-  and  four-piece  outer  mandrels  were  tried. 
The  authors  recommend  insertion  of  metal  shims  at  the  mandrel  joints  to  avoid 
pinching  the  layup,  but  note  that  the  four-piece  mandrel  is  much  less  prone  to 
pinching  than  the  two-piece  mandrel. 

Weed  and  Francis  experienced  problems  of  excessive  resin  bleeding 
and  low  fiber  volume  fraction,  which  they  attributed  in  part  to  outward  expan- 
sion of  the  layup  toward  the  outer  mandrel  when  interior  curing  pressure  is 
applied.  They  were  able  to  make  some  improvements  of  tube  quality  by  experi- 
menting with  cure  cycles,  using  the  progression  shown  schematically  in  Figure 
K-3.  The  first  three  procedures  resulted  in  low  fiber  volume  fractions  (45  to 
50  percent),  with  some  improvement  in  quality  noted  at  the  ends  of  the  tubes 
fabricated  in  accordance  with  the  second  and  third  procedures.  Better  quality 
generally,  and  a fiber  volume  fraction  of  58  percent  resulted  from  the  fourth 
procedure.  Weed  and  Francis  attribute  the  latter  results  to  the  dwell  times 
between  200°F  (resin  liquification  temperature)  and  250°F.  The  dwell  is  thought 
to  permit  slippage  between  the  layup  and  bagging,  so  that  the  layup  can  expand 
enough  to  reach  the  outer  mandrel  along  its  entire  length. 

*Sequence  given  from  I.D.  to  O.D. 
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Figure  K-3.  Cure  Cycles  (After  Weed  and  Francis) 


2. 


EXPERIENCE  IN  PRESENT  PROGRAM 


Nine  graphite/epoxy  tubes  of  1.3-in.  diameter  and  36-in.  length  were 
fabricated  from  Hercules  AS/3501-6  in  sequences  of  [90o/0°^0/90°], 
[90°/M1/0°.|q/M1/90o]  and  L90°/M2/0°^q/M2/90°]  in  the  present  investigation, 
where  Ml  and  M2  represent  0.001-in.  and  0.002-in.  perforated  Mylar  inserts. 
Davis'  method  of  Teflon  inner  mandrel  and  heat-shrinkable  sleeve  [19]  was 
employed,  with  two  variations.  First,  squeegee  rollers  were  used  during 
application  of  the  prepreg  plies.  Second,  heat-shrinkable  Teflon  in  the  form 
of  a ribbon  about  1 in.  wide  was  helically  wound  onto  the  layup,  in  lieu  of 
installing  a sleeve  by  hand.  The  90°  plies  were  formed  from  pre-cut  prepreg 
material,  and  were  applied  with  butt  seams  parallel  to  the  tube  axis.  The 
angular  separation  between  inside  and  outside  seams  on  a given  tube  was  random, 
although  in  some  cases,  the  two  seams  were  located  back  to  back.  The  baseline 
cycle  for  AS/3501-6  flat  laminates  (Figure  K-4)  was  used  to  cure  the  tubes. 


T (°?} 


Figure  K-4.  Cure  Cycle  for  AS/3501-6 

Dimensional  measurements  indicated  that  the  tube  quality  obtained  by 
the  foregoing  procedure  did  not  quite  meet  the  standards  obtained  previously 
by  Davis  [19]for  [0°^]  S-glass/epoxy  and  boron/epoxy  laminates.  Although  the 


I.D.  measurements  were  comparable  (all  observations  within  +0. 002-in.  tolerance), 
variations  in  O.D.  of  +0.010  to  +0.015  in.  were  noted,  and  one  tube  was  observed 
to  have  O.D.  variations  to  +0.020  in.  The  larger  variation  in  O.D.  is  tenta- 
tively attributed  to  the  increased  wall  thickness  of  the  present  tubes  (12 
plies,  versus  4 in  the  laminates  fabricated  by  Davis).  The  presence  of  inner 
and  outer  90°  plies  and  the  use  of  heat-shrinkable  ribbon  may  also  have  contributed 
co  the  O.D.  variation. 

Other  deficiencies  of  a potentially  more  serious  nature  were  also 
observed.  Some  of  the  tubes  with  Mylar  inserts  possessed  visibly  elliptical 
cross  sections.  A typical  example  is  shown  in  Figure  K-5.  The  ellipticity 
suggests  deformation  response  to  residual  stresses  accumulated  when  the  laminate 
cools  from  cure  temperature  to  room  temperature.  This  hypothesis  was  reinforced 
by  examination  of  the  tubes  with  M2  inserts.  Debonded  areas  in  these  tubes 
could  be  identified  by  crackling  of  the  Mylar  when  applying  fingertip  pressure 
to  the  outer  surface.  These  deficiencies  provide  arguments  against  the  use  of 
Mylar  inserts,  in  addition  to  the  data  presented  previously  for  interlaminar 
strength  trends  (Appendix  B). 


THICKENED 

WALL 


Figure  K-5.  [90°/M1/0°10/M1/90°J  Tube  with  Elliptical  Cross  Section 
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Close  examination  of  Figure  K-5  also  reveals  a circumferential 
variation  of  wall  thickness.  The  wall-thickness  variation  was  found  to  occur 
even  in  the  [90o/0°^q/90°]  tubes.  A composite  photograph  of  a cross  section 
and  axial  section  of  a typical  [90°/0°^q/90oJ  tube  (Figure  K-6)  indicates  that 
the  angular  location  of  the  thickened  part  of  the  wall  is  independent  of  axial 
location.  Hence,  effects  of  squeegee-roller  pressure  transients  and/or  gravity 
during  cure  are  suggested  as  possible  causes. 


THICKENED  WALL 


Figure  K-6.  Wall  Thickness  Variation  in  [90°/0°^q/90°]  Tube 

Photomicrographs  of  the  tube  in  Figure  K-6  are  shown  in  the  following 
figures.  The  thin  part  of  the  cross  section  (Figure  K-7)  shows  no  evidence  of 
anomalies  in  the  lamination.  However,  the  thick  part  of  the  cross  section 
(Figure  K-8)  shows  evidence  of  voids  distributed  through  the  wall,  and  indicates 
that  the  use  of  a heat-shrinkable  outer  cover  in  lieu  of  vacuum  bagging  may 
have  contributed  to  the  thickness  variation. 
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DISCUSSION  AND  CONCLUSIONS 


Improvements  in  tube  quality  over  that  obtained  by  vacuum-bagging  on 
steel  inner  mandrels  have  been  reported  in  the  literature  by  the  use  of  both 
Teflon  inner  mandrels  [19]  and  steel  outer  mandrels  [20 ].  The  reported  test 
data  covered  only  0°  tubing  with  up  to  8 plies,  although  0°/+45°/90°  tubes 
were  fabricated  in  one  case  [20]. 


The  results  of  the  present  investigation  indicate  that  I.D.  and  wall- 
thickness  measurements  alone  are  not  necessarily  reliable  indicators  of  tube 
quality,  and  that  the  use  of  heat-shrinkable  Teflon  outer  sleeving,  in  place 
of  vacuum  bagging,  over  a Teflon  inner  mandrel  may  not  yield  good  quality  tub- 
ing when  the  walls  are  more  than  a few  plies  thick.  The  results  of  another 
recent  investigation  [67]  indicate  that  some  problems  associated  with  steel  outer 
mandrels  remain  unsolved.  In  particular,  these  results  suggest  that  such 
mandrels  must  be  built  to  extremely  close  tolerances  to  prevent  over-expansion 
of  the  laminate  when  it  is  pressed  to  the  mandrel  surface. 


The  results  obtained  with  both  inner  and  outer  mandrels  suggest  that 
achievement  of  good  tube  quality  depends  upon  avoidance  of  excessive  mechanical 
expansion  or  compression  of  the  laminate  when  the  resin  liquifies  early  in  the 
cure  cycle.  The  inner  mandrel  technique  is  more  appealing  because  of  its 
relative  simplicity,  but  some  thought  is  required  to  design  such  a mandrel 
properly.  The  advantage  of  Teflon  over  steel  in  this  respect  can  be  demonstrated 
by  a simple  calculation  of  the  radial  expansion  or  hoop  strain  tendency  in  each 
case.  For  a solid  mandrel  of  radius  R,  the  hoop-strain  tendencies  are  given  by: 


e 


e 


(AT) 


= a per  degree 


K-l 


for  heating,  and 


(p)  = _ Nv 


per  psi 


K-2 


for  external  pressure.  The  dynamic  ranges  of  temperature  and  pressure  available 
to  control  expansion  are  limited  by  the  requirements  of  the  cure  cycle.  Typi- 
cally, AT  is  about  300°F  and  p is  about  100  psi.  The  resulting  dynamic  ranges 
in  hoop  strain  are  compared  for  Teflon,  steel  and  aluminum  in  Table  K-l. 
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TABLE  K-l 


COMPARISON  OF  MANDREL  MATERIALS 


M A 

T E R I A L 

Item 

S319BMI 

S^eel 

Aluminum 

E(psi) 

V 

a(°F'1) 

e|AT*(AT  = 300° F) 
e0P)(P  = 100  psi) 

~5  x 104 
~0.5 

-3  x 10'5 

9 x 10"3 

10'3 

: x io7 

0.3 

6.3  x 10“6 
1.89  x IO"3 
2.33  x 10'6 

107 

0.3 

12  x 10"6 

3.6  x 10"3 

7 x 10'6 

^Teflon  properties  from  Ref.  68. 

The  thermal  expansion  coefficients  of  cured  epoxy  resins  are  known  to 
-5  -S 

be  in  the  range  1.7  x 10  to  5.4  x 10  * per  °F,  i.e.,  comparable  to  Teflon 
[68].  Although  no  data  are  available  for  epoxies  in  the  B-stage,  comparison 
of  the  cured  expansion  coefficient  with  the  data  in  Table  K-l  suggests  that 
the  Teflon  mandrel  has  been  successful  because  of  its  thermal  ana  pressure 
dynamic  ranges.  Teflon  probably  pos-.esses  a slight  tendency  to  over-expand 
a graphite/epoxy  laminate  containing  a high  percentage  of  axial  plies,  but 
this  tendency  is  corrected  by  the  pressure  term.  The  fact  that  the  thermal 
and  pressure  dynamic  ranges  for  Teflon  differ  by  only  one  order  of  magnitude 
suggests  that  even  better  process  control  might  be  obtained  by  experimenting 
with  pressure  increments  during  the  cure  cycle,  in  the  manner  suggested  by 
Weed  and  Francis  [67]  for  temperature  control  when  using  an  outer  mandrel. 
Ideally,  one  should  be  able  to  deduce  from  resin  expansion  measurements  an 
optimum  pressure-temperature-time  history.  There  appears  to  be  no  reason  why 
this  approach  should  not  be  applied  to  the  combination  of  a Teflon  inner 
mandrel  with  vacuum  bagging  instead  of  a heat-shrinkable  sleeve. 
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With  regard  to  detail  design,  the  results  in  Appendix  C verify 
the  prediction  of  Whitney,  et  al.[20]  that  the  presence  of  straight  butt 
seams  in  90°  plies  introduces  a local  failure  mode  in  the  tube  at  loads 
much  lower  than  the  theoretical  crippling  strength.  However,  whether  any 
significant  improvement  is  possible  by  running  butt  seams  on  a bias,  and/or 
by  replacing  butt  seams  with  lap  seams  remains  to  be  investigated.  The 
present  authors  conjecture  that  such  improvements  will  be  limited  by  the 
effect  of  concentration  in  applied  stresses  on  the  interlaminar  strength  of 
the  composite.  The  hydrostatic  short-ring  proof  test  suggested  by  Whitney, 
et  al.  as  a quality-control  procedure  could  be  adapted  to  such  a study. 

Even  without  the  problem  of  inserts,  there  appear  to  be  a number 
of  unresolved  questions  about  proper  procedures  for  fabricating  structural 
tubing  with  composite  materials.  Use  of  preimpregnated  materials  appears  to 
be  necessary,  at  least  for  axial  plies,  when  slender  tubes  with  high  stiff- 
ness and  low  thermal  expansion  coefficients  are  required.  Additional 
investigation  of  processing  methods  should  focus  on  tubes  of  larger 
diameter. 
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APPENDIX  L 


COMPONENT  PROOF  TESTING 


1.  APPLICABILITY 

Proof  testing  of  structural  components  is  advisable  when  requirements 
for  high  reliability  cannot  be  met  by  nondestructive  inspection  (NDI).  The 
Tripod-B  truss  illustrates  both  situations.  The  antenna-support  legs  are 
critical  in  buckling,  based  on  elastic  stability  considerations  for  ideally 
straight  columns.  Hence,  NDI  is  the  proper  approach  for  the  support  legs 
because  the  axial  modulus  can  be  predicted  with  high  confidence  and  because 
accurate  measurements  of  initial  imperfection  (bowing)  can  be  made.  The  NDI 
in  this  case  is,  in  essence,  a nondestructive  proof  test. 

On  the  other  hand,  the  Tripod-B  longerons  are  critical  in  compressive 
bursting  (assuming  fabrication  with  butt  seams).  In  this  case,  one  can  expect 
variations  in  the  burst  load  caused  by  variations  in  the  manufacturing 
tolerances  of  the  tubes.  Such  parameters  as  the  gap  between  fiber  ends  in  the 
butt  seam,  resin  bleed  during  cure,  etc.,  are  subject  to  small  variations  that 
cannot  be  quantified  easily,  and  that  influence  bursting  strength  in  an  unknown 
manner.  Therefore,  since  there  exists  no  rational  method  for  defining  a lower 
bound  to  the  bursting  strength  of  any  individual  tube,  proof  testing  will  be 
required  to  censor  the  population  for  the  purpose  of  achieving  a high  launch 
survival  reliability. 

Choice  of  a proof-load  level  now  becomes  a crucial  question,  A proof 
load  set  too  low  may  qualify  components  which  should  have  been  rejected,  but 
too  high  a load  may  damage  components  which  were  acceptable  before  the  test. 
This  appendix  first  considers  c.  probabilistic  definition  for  the  proof  load, 
based  on  an  expected  cost  criterion.  It  will  be  shown  that  proof  loads  below 
the  damage  constraint  can  be  defined  in  this  manner  if  testing  and  design  are 
treated  interactively.  To  simplify  the  analysis,  the  proof-load  formulation 
will  be  derived  by  assuming  that  the  tube  is  to  be  given  an  axial  compression 
test.  Subsequently,  a simple  model  will  be  presented  to  relate  the  axial 
proof  load  to  a hydrostatic  pressure  test. 
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2. 


PROBABILISTIC  DEFINITION  OF  PROOF  LOAD 


Structural  design  optimization  is  a well  developed  mathematical  art 
in  which  various  search  methods  are  applied  to  maximize  an  objective  merit 
function  or  minimize  an  objective  penalty  function  [69,70,71,72].  Such  optimiza- 
tion methods  have  also  been  applied  to  structures  assumed  to  consist  of  com- 
ponents possessing  random  strengths  [73]  and  using  expected  cost  as  a penalty 
function  [74]: 

E = C + F Cc  L-l 

co  r 

where  Ec  is  the  expected  system  cost,  CQ  is  the  initial  cost  (represented  as 
a function  of  structural  weight),  F is  the  probability  of  failure,  and  Cp  is 
the  cost  of  failure.  Optimization  may  consist  of  either  unconstrained  minimi- 
zation of  Ec,  minimization  of  Ec  subject  to  constraints  (e.g.,  buckling),  or 
weight  minimization  using  Ec  as  a constraint.  Expected  cost  criteria  have 
also  been  used  to  optimize  periodic  proof-test  loads  for  composite  structure  r 
in  aircraft  [75]: 

A simplified  expected  cost  model  applicable  to  prepunch  proof 
testing  of  structural  components  will  be  presented  here.  The  model  considers 
only  the  effects  of  launch  reliability  and  proof-test  rejection  rate: 

Ec  = CL  + FL}  + Nc  Cc  Fc  l'2 

where  is  the  cost  of  a launch,  FL  is  the  probability  of  structural  failure 
during  launch,  Nc  is  the  total  number  of  nominally  identical  components  in 
the  structure,  Cc  is  the  component  cost  (including  test  cost),  and  Fc  is  the 
probability  of  component  failure  during  test.  A lower  bound  for  launch  reli- 
ability can  be  derived  from  Eq.  L-2  by  making  the  conservative  assumption 
that  the  censored  population  (all  components  that  pass  the  proof  test)  has  a 
deterministic  strength  equal  to  the  proof  load.  Structural  failure  during 
launch  is  then  determined  by  first-passage  statistics  for  the  most  highly 
loaded  component  in  the  assembled  structure. 
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Let  P be  the  design  characteristic  load  for  the  component  (e.g., 
design  axial  compression  load  for  the  Tripod-B  longerons),  and  let  aP  represent 
the  proof- test  load.  Assume  that  manufacturing  quality  is  represented  by  a 
standard  deviation  oc  in  the  strengths  of  a population  of  components  designed 
to  mean  strength  P.  Assume  that  the  effect  of  the  launch  environment  on  the 
critical  component  can  be  represented  by  stationary  Gaussian  statistics  with 
standard  deviation  (in  the  units  of  P)  and  zero-crossing  rate  vQ  (in  units 
of  total  occurrences  per  launch).  There  will  then  be  associated  with  the 
censored  lower-bound  strength  an  expected  exceedance  rate  1/N  during  launch 
(N  » 1),  which  can  be  taken  as  an  estimator  of  launch  failure  probability: 


fl  = 1/n*K 


e-a2P2/2 aL2 


L-3 


Finally,  if  it  is  assumed  that  ac  « P,  the  hypothetical  pre-test  population 
of  components  can  be  modeled  by  a Gaussian  strength  distribution.  Hence,  the 
probability  for  failure  of  a component  in  the  proof  test  can  be  expressed  in 
terms  of  the  cumulative  Gaussian  function: 


Fc  = 4>(z);  z = (aP  - P)/ac  L-4 

where  z is  the  standard  normal  variate  (yz  = 0,  o = 1). 

Now  consider  a constrained  optimization  of  Eq.  L-*2,  allowing  only 
the  choice  of  proof-load  level,  a,  to  vary: 


dEc/dct  = CL(dFL/da)  + Nc  Cc(dFc/da)  = 0 


L-5 


The  derivatives  in  Eq.  L-5  can  be  calculated  from  Eqs.  L-3  and  L-4  as  follows: 

dFL/dc  = - 1 v (2^)  e-“2p2/2tIL2  L-6 

°L 


dFc/da  = (d$/dz) (dz/da)  = (d$/dz) 


L-7 
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By  definition, 

1 _7 2/o 

d$/dz  = <p(z)  L-8 

and  substitution  of  these  results  in  Eq.  L-5  yields,  after  some  manipulation: 

/ ,2  D 9 2 D 9 2 l P/a_  N C 

a exp[^iL  £-)2  - f-  (£-)2]  = [f]  C— S-y]  C-g— £■]  - 8 L-9 

* °c  ^ aL  ^ vo  (P/aL)^  LL 


The  effects  of  the  terms  in  brackets  on  the  right  side  of  Eq.  L-9  can  be  readily 
identified.  Small  values  of  B tend  to  force  the  optimum  proof  load  to  large 
values.  Increased  exposure  to  the  environment  (v  large),  poor  manufacturing 
quality  (P/oc  small),  and  a low  test/launch  cost  ratio  (Nc  C /CjJ  lead  to 
large  aP.  The  apparently  similar  trend  of  conservative  design  (large  P/oL) 
is  actually  reversed  by  the  P/o^  - term  in  the  exponent  on  the  left  side.  The 
most  significant  driver  of  high  proof-test  loads  is  the  cost  ratio. 

Equation  L-9  can  be  solved  iteratively  to  optimize  the  proof  test 
while  maintaining  high  launch  reliability.  A value  of  P/ct^  is  assumed  first 
by  engineering  judgement,  or  by  choosing  the  design  load  to  meet  a given 
initial  reliability  estimate  defined  by: 


R'  = 1 - 1/N'  = 1 - 4-  e 


-P72aL‘ 


After  a has  been  determined,  the  actual  lower-bound  reliability  can  be 
calculated  from: 

r = 1 _ 1/N  = 1 . 1 vq  e'a2p2/2aL  L-ll 

Optimization  of  a proof  load  for  the  Tripod-B  longerons  was  carried 
out  in  accordance  with  the  above  procedure,  assuming  the  parameter  values 
given  in  Table  L-l.  The  results,  also  summarized  in  the  table,  show  that  a 
reasonable  proof  load  and  acceptable  launch  reliability  are  achieved.  Strictly 


J 
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speaking,  the  optimization  should  be  carried  out  by  minimizing  Ec  with  respect 
to  a and  P/oL  simultaneously.  However,  this  unconstrained  approach  leads  to 
the  unrealistic  solution  a = 0,  P/a^  = °°  unless  an  additional  penalty  term 
(e.g.  the  cost  of  extra  weight  required  by  increased  P/Oy)  is  included  in  Ec< 
The  constrained  approach  was  adopted  instead  because  the  most  significant 
penalty  may  involve  the  effect  of  P/aL  on  truss  distortion  of  the  microwave 
path  between  the  broadcasting  dipoles  and  the  reflector  antenna,  an  effect 
which  has  not  yet  been  quantified. 


TABLE  L~1 

SUMMARY  OF  EXAMPLE  ANALYSIS 


Parameter 

1' 

Remarks 

mm 

1.64xl04 

Per  launch  (from  Appendix  D) 

P/oc 

10 

10  percent  manufacturing  coefficient  of  variation 

n 

8.82 

Design  load  twice  first-passage  load  (see  Appendix  D 

N 

c 

3 

Cc 

$ 4xl03 

Estimated  cost  per  longeron  [1] 

CL 

$ 5xl07 

Typical  cost  of  satellite  plus  Titan-IIIC  launch 

R' 

0.912794 

R 

0.9587 

a 

0.774 

Proof-load  damage  expected  for  a > 0.8 

» 


j 
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3. 


RELATING  PROOF  LOAD  TO  HYDROSTATIC  TEST 


The  axial  load  that  will  cause  bursting  of  a longeron  tube  with 
a straight  butt  seam  in  the  90°  plies  was  defined  in  Appendix  C as: 


P - 4irRt.|  Sg  f • t^/t2) 


L-12 


where  R is  the  tube's  mean  radius,  t^  and  t^  are  respectively  the  thicknesses 
of  M and  N plies  in  a L90°M/0°2N/90°M]  tube,  and  v-^  are  the  ply  Poisson 
ratios,  and  sQ  is  an  unknown  resin  strength  parameter  in  terms  of  hoop  stress 
in  the  90°  plies.  If  the  model  in  Appendix  C is  assumed  to  be  subjected  to 
uniform  internal  pressure,  p,  instead  of  axial  load,  it  is  easy  to  show  that 
the  failure  pressure  is  given  by: 


_ = 2tl  n , VTL  hs 

p r ^ vLT  t^  se 


L-13 


for  either  plain  strain  or  plane  stress  conditions.  Combining  Eqs.  L-12  and 
L-13  to  eliminate  sQ  and  solve  for  the  burst  pressure  then  yields: 


V 


lt  n 


L-14 


Thus,  an  equivalent  pressure  for  a hydrostatic  proof  test  can  be 
defined  in  terms  of  the  axial  proof-load  level.  Substitution  of  the  Tripod-B 
longeron  dimensions  and  estimated  axial  burst  load  (based  on  scaling  of  the 
test  data  in  Appendix  C)  gives  an  order-of-magnitude  estimate  p ~ 50  psi. 
Hence,  it  appears  reasonable  to  use  a hydrostatic  proof  test.  However,  the 
actual  correlation  between  axial  load  and  pressure  should  be  established  by 
laboratory  tests,  in  view  of  the  approximate  nature  of  the  failure  model. 


? 


) 
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